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Abstract

Nowadays, electric machines are responsible for more than 50% of the global elec-
tricity consumption, as they are notable for their high power density and efficiency,
good dynamic performance and controllability. This makes electric machines a suit-
able option for key sectors as the automotive or wind generation ones. The use of
permanent magnet synchronous machines (PMSMs) has been sustainedly increasing
during the last decades due to their superior performance compared with other types
of electric machines in terms of power density, speed range or dynamic response. Most
of PMSMs today are three-phase. Nevertheless the design of multi-phase PMSMs can
provide several advantages. Above all, their fault-tolerant capability makes multi-
phase machines a very attractive option for applications in which high reliability is
required, like aviation, aerospace or marine applications. Open-phase faults due to a
failure in a power electronic device are the most common ones. Fault-tolerant oper-
ation can be achieved by applying a modified fault-tolerant control (FTC) strategy
after the fault occurs. Several FTC methods present in literature are described in
this document. The different strategies are more or less convenient depending on
the multi-phase machine configuration: non-three-phase series machines, non-multi
three-phase machines or multi three-phase machines. In the present Master Thesis
a novel fault-tolerant control strategy is proposed. This strategy is based on distin-
guishing two three-phase sets in a six-phase IPMSM so that when a fault occurs in
one of the three-phase sets, the healthy one can compensate it.

Among all PMSM parts, permanent magnets (PMs) are the weakest, as their prop-
erties strongly depend on the temperature. Usually, the maximum operating tem-
perature of the machine is determined by the PM maximum operating temperature.
Due to this, PM temperature estimation/measurement during normal operation of the
machine is a very interesting feature. However, temperature measurement provides
many inconveniences being thus temperature estimation preferred. PM temperature
estimation methods can be divided into thermal models, BEMF based methods and



methods which inject some form of test signal into the stator terminals of the machine.
Thermal models require previous knowledge of the machine geometry, materials and
cooling system. Hence, the model is only valid for a specific machine design. BEMF
based methods cannot work at standstill or very low speeds and also require previous
knowledge of some machine parameters. Methods based on the injection of a test
signal can be further divided into pulse injection based methods and high-frequency
(HF) signal injection based methods. Both types of methods can be used in the whole
speed range of operation of the machine and do not require previous knowledge of
machine parameters in principle.

Matlab and Simulink are used for simulating some of the described fault-tolerant
control techniques. A PM-temperature estimation method based on high-frequency
signal injection is also simulated.

An experimental test-bench with a dual three-phase interior permanent magnet
synchronous machine (DT-IPMSM) and an IPMSM in charge of fixing the speed
is built. The followed steps for reaching a suitable performance are explained. The
proposed FTC technique and the simulated PM temperature estimation method based
on high-frequency signal injection are tested in the experimental test-bench.
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Title: Associate Professor

Thesis Supervisor: Daniel Fernandez Alonso
Title: Assistant Professor
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Chapter 1

Introduction

1.1 Background

The present Master Thesis is framed within the activities programmed by the
project ‘Diseno, Control y Monitorizacion de Mdquinas Sincronas de Imanes Per-
manentes Polifasicas’ which is part of ‘Plan Nacional de Investigacion Cientifica,
Desarrollo e Innovacion Tecnoldgica (Plan Nacional de 1+D+i), del Ministerio de
Economia y Competitividad’. AECP (Accionamientos Eléctricos y Convertidores de
Potencia) research group, from the University of Oviedo, has received funding for

three years in order to develop this project.

Electric machines can be used in a wide range of industrial and residential appli-
cations like fans, air-conditioning, refrigerators or elevators. It is estimated that the
use of electric motors today accounts for more than 50% of global electricity con-
sumption [1]. High torque/power density, high efficiency, good dynamic performance
and controllability are some of the most interesting characteristics of electric motors.
Hence, they are suitable for high performance applications such as wind power genera-
tion, automotive, servo drive, robotics, military, etc. As an example, the development
of Electric Vehicles (EVs), Hybrid Electric Vehicles (HEVSs), etc., in which the vehicle

is powered with an electric motor, has grown exponentially over the last decade, and
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the forecast is that it will stay that way until at least 2030 [2].

Among all types of electric machines, the use of permanent magnet synchronous
machines (PMSMs) has extensively increased in both traction and industrial appli-
cations. These machines allow a better performance compared with other type of
electrical machines such as induction machines (IMs) or DC motors, in terms of
power density, torque density, dynamic response, speed range, controllability and
efficiency. The main drawbacks of PMSMs are related with the high and often unpre-
dictable price of rare-earth materials and the risk of demagnetization due to excessive

operating currents/temperature.

Most of the AC machines in existence today are three-phase. However, when a
machine is fed by a power converter, there is no reason why the machine must have
the same number of phases that the power grid. The design of multi-phase machines
(with a number of phases higher than three) may provide relevant advantages com-
pared with a three-phase machine, especially in aspects related with the fault-tolerant
capability of the machine [3-26]. The use of multi-phase drives is already accepted
in aviation, aerospace and marine applications, in which it is essential to guarantee
the operation of the converter-machine assembly in case of failure. However, there
are other sectors like electric traction (electric vehicles, hybrid electric vehicles, rail-
way traction,...) or wind generation, where multi-phase drives are considered as an

interesting future option.

Despite the advantages of multi-phase drives, there are some aspects related with
the design and control of both the machine and the power converter that are still not

satisfactorily resolved and where intense research activity is being carried out.

The performance of PMSMs, whether they are multi-phase or three-phase ones,
is directly dependent on the permanent magnets and their magnetization state [27-
35]. Hence, it is particularly relevant to develop monitoring techniques that can be
implemented in this type of machines and that can be integrated with the machine’s

own control strategy, in order to minimize the risk of magnet demagnetization. In this
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way, the fault-tolerant capability of the drive is substantially improved. Although this
type of technique has already been developed for conventional three-phase permanent
magnet machines, its application has so far been restricted to laboratory prototypes,

and has not been studied in multi-phase machines.

1.2 Research Motivation

The main objective of the proposed Master Thesis is the control of a multi-phase
machine, adding the monitoring of the permanent magnet temperature. The specific

goals of the project are:
e Development of fault-tolerant control algorithms for the multi-phase machine.
e Development of monitoring techniques for multi-phase machines:
— Permanent magnet temperature estimation methods.

e Development of the necessary simulation models for the theoretical study of

these techniques.

e Development of experimental tests to confirm the validity of these methods.

1.3 Outline of the Document

This Master Thesis is organized in seven chapters and one appendix:

e Chapter 2 introduces the pros and cons of multi-phase machines. In addition,

the dynamic model of both three-phase and six-phase PMSMs is included.

e Chapter 3 evaluates different fault-tolerant control strategies for multi-phase
PMSMs present in literature, and proposes a new one. The proposed F'T control
strategy is based on compensating the currents in the faulty three-phase winding

with the healthy one.

e Chapter 4 studies temperature effects in PMSMs; state of the art of PM

temperature estimation methods in PMSMs is also analysed.
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Chapter 5 shows the obtained results when simulating some of the control

strategies mentioned in chapter 3 and chapter 4.

Chapter 6 evaluates the proposed FT control strategy in a real test-bench.
Experimental results are analysed. In the same way, one of the described PM

temperature estimation methods is assessed in the test-bench.

Chapter 7 summarizes the contributions of this Master Thesis and outlines

future research lines.

Appendix A develops the different steps that were followed to obtain a suitable
performance of the experimental test-bench as well as the elements that build

it.
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Chapter 2

Multi-phase PMSMs

2.1 Introduction

As stated in Chapter [I], the use of standard electrical machines has been continu-
ously growing. For some specific applications, the conventional three-phase variable
speed drives are being substituted by multi-phase drives [7]. Multi-phase machines
were first proposed in the late 1960s, when inverter-fed AC drives were in the initial
development stage, as it was considered the best solution to remove the low frequency
torque ripple produced by the six-step mode of three-phase inverter operation. How-
ever, research on this type of machines was boosted in the 1990s, especially due to

developments in electric ship propulsion [36].

Nowadays, reliability of drives is a crucial aspect, and it can be improved in different
ways. Oversizing might be a solution, making the system work below the maximum
functioning point during normal operation. In this way, lifetime is increased. How-
ever, this could lead to lower efficiencies and higher costs. Besides, in case of failure,

the system will not be able to continue working [8].

Multi-phase drives provide additional degrees of freedom compared with the con-
ventional three-phase ones. These degrees of freedom can be used for different pur-

poses [36]. One of the main characteristics that multi-phase machines provide is their
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high fault-tolerant capability without need of extra hardware. Moreover, under open-
phase faults, multiphase machines allow to carry out a fault-tolerant operation by
using a modified control strategy in the remaining healthy phases [13]. Other inter-
esting features of multi-phase machines are related with a high level of power [7], and
reduced power flow per phase [3|]. Nowadays, new electromechanical systems with
an increased torque density are demanded by industry. In addition, the number of
high-speed and low-cost applications is continuously growing. These facts have led
to an increased research on multiphase PM machines [3]. The most popular appli-
cations for multi-phase machines include: electric ship propulsion, EVs and HEVs,

locomotive traction, and wind generation [3}4].

Table 2.1: Overview of Main Advantages of Multi-phase-Machine-Based-Drives [36]

Three-Phase | Multi-phase (n-phase)
Machine machine

6f 2nf(>6f)

Property

Torque ripple frequency

(f = fundamental frequency)
Order of the lowest spatial
mmf harmonics (sinusoidal 5and 7 2n+1(>5,7)
mmf machines)

Power /torque per phase
(rated power /torque = P/Te)
Continued operation after

an open-phase fault

Torque enhancement by
stator current harmonic Not possible
injection

P/3 (Te/3) P/n (Te/n)

Not! Yes?

Yes (concentrated
winding machines)

'Not possible without modification of the power converter topology.
2Requires a fault-tolerant control strategy to be applied during the fault.

A disadvantage when using multiphase machines is related with the increase in the
number of inverters (and thus power electronic devices) and wires. The increased
number of power electronics raises cost, size and processing capacity of microcon-
trollers. Increasing the number of wires leads to an increase in cost, weight, and

connection trouble [37].

Two types of multi-phase machine systems can be distinguished [37]. One is non-

three-phase series type, in which the number of phases is not a multiple of three.
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Five-phase [11], seven-phase [38] or eleven-phase [12] machines are examples of this
type of machines. The other system is the three-phase series type [39-42], in which
the number of phases is a multiple of three. This system can be classified in detail
to non-multi three-phase [39,/40] such as six-phase and nine-phase, and multi three-
phase [41,42] such as dual three-phase and triple three-phase. Three-phase series
types provide advantages especially in ease of industrial application since the three-
phase theory can be applied to the drive method, being possible the use of classical

three-phase converters [37].

This chapter introduces the dynamic model of a multi-phase synchronous machine
starting from the one of a three-phase one. First, the synchronous reference frame in
which a three-phase permanent magnet synchronous machine (PMSM) is generally
specified is introduced. From it, the dynamic model of the machine is obtained,
and the torque equation is developed. Once the three-phase machine is analysed, the
model of a six-phase machine will be developed, studying it as a set of two three-phase

systems.

2.2 Fundamental Dynamic Model of a PMSM

2.2.1 Three-phase PMSM

The dynamic model of a permanent magnet synchronous machine is usually spec-
ified in a rotor reference frame. As these machines rotate at the synchronous speed
the rotor reference frame matches with the synchronous reference frame. Fig.
shows both the stationary and the synchronous (with the rotor) reference frames, in
a cross-section of a three-phase, two pole PMSM. The dg"-axis is the one related with
the rotor synchronous reference frame, being the d"-axis aligned with the PM flux,
Apn, while the dg®-axis regard to the stationary reference frame. When the model

of a PM machine is referred to a synchronous reference frame, in solidarity with the
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rotor, the dynamic equations of the model may be expressed as (12.1)) [43].

Ugs Rds 0 Z:Zs Lds 0 7’25
T T T
Ugs 0 Rys| |lgs 0 Ly ZqS: 21)
N 0 —wpLlgs z.ds 0
Wy Lgs 0 lgs wr)\pM_
where,
Ry : total resistance referred to the stator in the d—axis.
R,s  : total resistance referred to the stator in the g—axis.
Ly : total inductance referred to the stator in the d—axis.
L . total inductance referred to the stator in the g—axis.
Wy : rotational speed of the rotor in rad/s.
Apy ¢ flux induced by the permanent magnets.
P . differential operator. Equivalent to Laplace s variable.

Figure 2-1: Synchronous and stationary reference frames for a three-phase PM machine

The torque produced by a PMSM is expressed as equation (2.2)) shows. This

equation can be split in two components. On one side, the reluctance torque, T}
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(2.3]), which depends on the saliency of the machine, i.e. the difference between the
d— and g—axis inductances. On the other side, the electromagnetic torque, T, ([2.4]),
which is proportional to the PM flux, Apys and the g—axis current, 7j,. P stands for

the machine number of poles.

3p .
T = éa(Aleqs + (Lds — quﬁdszqs) (22)
3P o
Trel = __((Lds - qu)ldslqs) (23)
22
3p
Te = 55()\}3]\42(18) (24)

Depending on how torque is produced, PMSMs may be classified in two types:
interior permanent magnet synchronous machines (IPMSMs) and surface permanent
magnet synchronous machines (SPMSMs). Insert permanent magnet synchronous
machines (Ins-PMSMs) can be classified as a type of SPMSM in which the permanent
magnets are inserted in the surface of the rotor core. Both IPMSMs and SPMSMs,
as well as Ins-PMSMs produce electromagnetic and reluctance torque. However, in
an IPMSM, the permanent magnets are embedded in the rotor core in a way that
the machine’s saliency will be higher compared with a SPMSM. This last machine
has a symmetric rotor structure so that the d— and the g—axis inductances are very
similar. Hence, for a SPMSM the reluctance torque is almost negligible. Summarizing,
IPMSM produce both electromagnetic torque and reluctance torque. For SPMSMs,
the electromagnetic torque generation is lower than in IPMSMs. Both SPMSMs and

Insert PMSMs have a very low or null reluctance torque production.
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Table 2.2: Comparison of PMSMs

IPMSM SPMSM Insert

Magnetic flux linkage Appr >0 Appr >0 Appr >0

d and ¢ inductances Ly <L, Lg=L, Lg=1L,

2.2.2 Multi-phase PMSM

In section [2.2.1) the dynamic model of a three-phase PM synchronous machine
is analysed. For a multi-phase PMSM the procedure is quite similar, but in this
case the increased number of phases must be considered. In this Master Thesis, a
six-phase interior permanent magnet synchronous machine (IPMSM) will be studied
(see appendix . This multi-phase machine may be also understood as a ‘dual
three-phase PM machine’ (DT-PMSM) since its six phases can be analysed as two
sets of three-phase stator windings that are spatially shifted by a certain electric
angle, with isolated neutral points for both sets [21]. Both possibilities (isolated or
connected neutral points between three-phase windings) have their own advantages.
Having the neutral points isolated allows to avoid the flow of zero-sequence currents,
thus reducing the number of required current controllers. Moreover, this arrangement
provides isolation between windings, improving the DC-bus voltage utilization. On
the other side, a single isolated neutral point connection gives an extra degree of
freedom (from four to five), providing better means for fault-tolerant operation. It
must be considered that an additional current controller is required |15]. In principle,
to have both neutral points isolated, simplifies the study. Hence, this technique will be
the one followed in this Master Thesis. Among the different winding configurations,
the most popular one consists of having a 30° phase shift between both three-phase
windings. Machines with this special winding structure, also known as asymmetrical
dual three-phase machines can remove the sixth harmonic torque pulsations that

always appear in conventional three-phase motors [23].

In multi-phase PM machines, as well as in a conventional three-phase ones, the

rotor reference frame goes along with the synchronous reference frame. However, as
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Figure 2-2: Synchronous and stationary reference frames for a six-phase PM machine

the machine is studied as a set of two three-phase systems, two synchronous reference
frames will be distinguished as shown in Fig. The dqj-axis regard the rotor
synchronous reference frame corresponding to the first three-phase winding, which
is created by the phases abc. In the same way, dgj-axis is related with the second
three-phase winding, for which phases def are responsible. This can be extended for
the stationary reference frame dg®—axes. For the modelling of the multiphase PMSM,
two different sets of PMs are distinguished, and thus two different PM fluxes, Apy,
and Apyy, as Fig. shows. In principle, both fluxes will be equal when the machine
operates in normal conditions. However, in fault operation, these variables will not

continue being equal anymore.

Now, the dynamic model of the six-phase PMSM can be obtained using ([2.1)) for
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both dq" systems, as (2.5 and (2.6)) shows:

U:lls Rdls 0 igls Ldls 0 igls
U;ls 0 qus 7:218 0 qus Z;ls
- (2.5)
0 —wlLgs| |7, 0
+ -
erdls 0 igls wr)\PMl
U:le Rd?s 0 7:228 Ld25 0 7;228
U;QS 0 Rq25 2225 0 Lq25 i;QS
- (2.6)
0 —wLgs| |, 0
+ -
erdgs 0 2225 wq")\PMz

The output torque produced by the multi-phase machine may be studied separately
for each three-phase set, so that following equation ({2.2), the total torque produced
by the machine can be obtained as the addition of the torque produced by each set

of three-phase windings.

3 P T T T
T=T+T, =§§(>\PM1@qls + (Lars — Lais)igisians)
3P " v
+§§(/\PM2Zq23 + (LdQS - Lq28>2d281q23) (27)

Once the equations are known, it is possible to build a dynamic model of the ma-

chine. Starting from the stator phase voltages, by applying the Park transformation
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(2.8)),(2.9)), the machine voltages in a synchronous reference frame can be computed.

VA

Vgis 2 cos(01)  cos(th — %’r) cos(by + 2?”)
= g ,UB

Vg —sin(fy) —sin(6; — %’r) —sin(6 + %”)
L/e;
Up

0223 2 005(02) 603(92‘_ %?) COS(92<+-%§)

—sin(By) —sin(fy— ) —sin(6y + )
VR

(2.8)

(2.9)

where ¢, and 65 are the synchronous rotating angles for three-phase windings 1 and

2 respectively. After obtaining the stator voltages in a synchronous reference frame,

applying (2.5) and (2.6]), the stator currents in the synchronous reference frame are
computed. Applying the inverse Park transformation (2.10)),(2.11]), the phase currents

can be calculated:

iA cos(61) —sin(0)

Wl o

iB cos(0; — ) —sin(f, — =)

ic cos(0y + %) —sin(by + )

29

-
Lals

r
qls

(2.10)



ip cos(6s) —sin(0)
2 2225
ig| =3 |cos(fy— %) —sin(by — &) (2.11)
i;2s
iF cos(ba + %) —sin(0y + 3F)

Up to this point, the electrical model of the machine is completely defined. The
next step consists of moving to the torque model of the PMSM. This can be done
by using , as it links the synchronous currents ig,,,,, With the electromagnetic
torque, T..

Finally, for moving from the torque model of the PM machine to the mechanical

one, the following equations must be followed:

d
Te — TLOAD = Jawrm + erm (212)
P
Wre = 5 Wrm (2.13)

- / tre (2.14)

where Troap is the load torque, w,,, is the mechanical speed of the rotor, w,. is
the electrical speed of the rotor, and 6 is the position of the rotor. It must be taken

into account that:

6y =0 (2.15)
0y = 0+ 0, (2.16)

being #,, the phase shift between both three-phase windings. Once the angle is
calculated, the feedback process can be done to start again from the beginning. It
must be mentioned that for a conventional three-phase machine the process would be

exactly the same, but only using the equations related to a single three-phase system.

This model will be useful for building a simulation model of the studied DT-IPMSM
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in Simulink (see Chapter [5)).
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Chapter 3

Fault-Tolerant Control (FTC)
Strategies

As mentioned in Chapter [2| multi-phase machines provide several advantages com-
pared with the conventional three-phase ones. Added to a reduced power per phase,
smaller torque ripple [3,/4], improved noise characteristics [14] or larger power rat-
ing [16], multi-phase machines highlight due to their fault-tolerant capability [3,4.[7,
14H17]. This means that the machine is capable to continue the operation if a failure
occurs in one or more phases [17]. Moreover, no additional hardware is required for
achieving the fault-tolerant operation, as it can be accomplished by applying a mod-
ified control strategy [7]. Other ways of achieving the fault-tolerant capability are
related with special machine designs [15][18], or the development of an application-
specific converter topology [15,/19]. However most of research focus on the post-fault
control [15]. The fault-tolerant capability makes multi-phase machines suitable for

applications in which high reliability is required (3,4, 7,[14-17].

Several different types of faults can appear in an electric drive, both in the inverter
and in the machine. In this way, faults can be classified in [4]:

e Short-circuits: In a phase, inverter switch, interturn, etc.

e Open-circuits: In an inverter switch, phase, line, etc.

33



Fig. shows a scheme with a set of fault possibilities for a five-phase machine.

INVERTER FAULTS MACHINE FAULTS
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Figure 3-1: Scheme for different fault possibilities in a five-phase machine [4]

However, as stated in [20], the failure rate of power electronics supposes more
than 50% of all the remaining component faults. Hence, in multi-phase machines the
increase of power electronic devices means an increase in the failure rate [21]. Among
all the types of faults that have been previously mentioned, the most typical one found
consists of the open-circuit fault |7,21]. When talking about multi-phase machines
built with two or more sets of three-phase windings, the simplest way of keeping
the operation under fault consists of isolating the faulty three-phase winding, while
operating with the healthy ones. However, this would suppose a significant reduction
in the achievable torque/power [4,[7,/15]. The goal of the fault-tolerant control strategy
is to take advantage of all the healthy phases to preserve the machine’s operation.

However, the performance will be influenced by certain limits.

In principle, it is wanted to keep the machine producing the same torque after the
fault (TP = TP™). However, it must be taken into account that, as one of the
phases has been disconnected, to keep the same torque might suppose current to be
above the pre-fault rms rated value (I2%% >> [P'¢ ) This could lead to violate the

semiconductor ratings. Hence, limit 1 will be defined as the conservative one that

keeps the post-fault currents at the same rated values that in the pre-fault operation
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(Irost = [Pre ) This might cause a reduction in the rated torque after the fault.
Another option, consists of allowing current to go above its initial rated value, as
long as the copper losses in post-fault operation are kept constant (PEost = PPre).
This possibility is riskier, but might allow to keep torque constant [4]. It will be

defined as limit 2. Table shows the comparison of these limits.

Table 3.1: Qualitative comparison of FT operation limits [4]

No limit Limit 1 | Limit 2

Current >> Jrre =Ire | > Ipre

Joule losses | >> PPre < pbre | = pPbre

Temperature | >> Tel™ | =TeP® | > TePe

Torque =Trre << Tpre | <Trre
Damage Short term | None -

Depending on how these limits are fulfilled, all the different fault-tolerant control

(FTC) strategies can be broadly categorized in two groups [4]:

e Minimum-loss strategy: The main goal of the control strategy is to calculate
the currents that allow to produce the commanded torque in such a way that
the copper losses are minimized. There are no restrictions for the currents

magnitude.

o Maximum torque strategy: Currents are calculated to produce a certain torque
reference on average, being then the fundamental components of phase currents

forced to have equal magnitudes.

In literature, different fault-tolerant control strategies for multi-phase PMSMs can
be found. Table [3.2 summarizes the main characteristics of some of the most relevant
ones. Section is devoted to describe more in depth the FT control techniques
compiled in the aforementioned table. Moreover, in this Master Thesis a novel fault-
tolerant control strategy will be proposed (see . The performance of the method

will be tested both in simulation and in a real test-bench.
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Table 3.2: Comparison of FT control techniques
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3.1 Fault-Tolerant Control Based On Instantaneous

Power Balance Theory (FTC-IPB)

In [14] it is proposed a fault-tolerant control technique based on the instantaneous
power balance theory in such a way that the continuous operation of the machine is
ensured while minimizing torque ripples and stator ohmic losses. Excitation currents
for the healthy phases are calculated to produce the desired torque when a fault

occurs. First of all, assuming that a fault occurs in a 2" phase, the following variables

can be defined:

1 1 0 0 0 €1 (31
1 0 1 0 0 €9 12
F = Q= e= i= (3.1)
0 0 0 0 0 e, 1y
1 00 0 1 en in
ny =F'F (3.2)

being F' a fault matrix in which the ones indicate healthy phases and zeros faulty
ones, () a diagonal matrix with F' in its diagonal, e is the back-EMF matrix and i
is the phase currents matrix. Finally, ny indicates the number of healthy phases.
Then, assuming that a fault appears in only one phase, and taking into account the

instantaneous power balance theory, the electrical power must match the mechanical
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power:

T.w =e"Qi (3.3)

where T, is the electromechanical torque and w stands for the mechanical speed of
the rotor. To simplify the previous expression, the speed-normalized back-EMF, K

can be defined as follows:

T

K=e/w= |k ky - k - k, (3.4)

Hence, the electromagnetic torque, T, can be defined as:

T. = KTQi (3.5)

One of the goals of the control strategy is to minimize the torque ripple, it means
to minimize the difference between the commanded torque and the electromagnetic

torque. Hence, a constraint g;(¢) for the minimum torque is defined:
T — K'Qi = g,(d) (3.6)

Moreover, assuming that the common return path for the stator currents is absent,

it means that the summation of phase currents equals zero, another constraint g(7)

can be defined:
FTi = go(i) (3.7)
Infinite solutions for the stator phase currents satisfying equations (3.6)) and (3.7

can be found. However, by adding a minimization function, a unique solution might

be obtained. This function will be developed so that the stator ohmic losses can be
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minimized (it is considered that the stator phase resistances are equal).
—i 1 = h(i) (3.8)

Now, the objective function f for the problem can be built. Then, the Lagrangian
multipliers p; (i) and py(i) for the constraints (3.6) and (3.7 are defined, so that:

, L.r. . , .
Ji.p1pa) = 5i%i 4 pi(T" = KTQi) + poF i (3.9)

Up to this point, it is needed to take the partial derivatives of f with respect to the
phase currents, then equalising them to zero. This will allow to find the minimum

condition of the objective function:

Combining (3.6), (3.7) and (3.10) the Lagrangian Multipliers can be obtained:

ng
ngKTQK — FTQKKTQF
FTQK

_ 3.12
P2 = UKTOK — FTQKKTQF (3.12)

PL= (3.11)

Finally, if the previously calculated Lagrangian multipliers are replaced in (3.10)),
the stator phase current references that allow to match a certain torque command

under an open phase fault can be expressed as:

K - FTQKF
= ) T* (3.13)
nnKTQK — FTQKKTQF

Once the current references have been obtained, several aspects must be taken into
account. First, in (3.13]) it can be seen how prior knowledge on the normalized back-
EMF induced in the stator phases, K is needed. This can be achieved with a direct

measure of the back-EMF at a known speed, or by using the PM flux linkage and

39



applying Faraday’s equation:

e do
K=°-_-2¢ 3.14
w db ( )
Another aspect to consider is that the current analysis does not take into account
any current per phase limit. Maximum phase current limit constraints might be

added to the analysis in the derivation of the control technique to take this aspect

into account.

Finally, the block diagram of the control scheme is shown in Fig. Sensors are
used to measure the phase currents, stator phase voltages and rotor position, in a
way that they will allow to detect faults and carry out the machine control. Optimal
current profiles under various fault conditions are calculated for a unique torque
reference and stored offline in look-up tables. PI controllers are used to control the
speed obtaining thus a certain torque reference. Depending on the fault condition,
the look-up tables are used to generate the suitable current references. Eventually,
hysteresis current controllers are used to generate the gate drive signals for the inverter

that allow the stator currents to follow the desired current references.

Rectifier Inverter
Multiphase PM
[
v& F iy
o—o - n
Vb . -
V
£ n n 0
Hysteresis * -
Controller ﬂf_ n
T -T r l r y A A A 4
(U‘ + T Opti current  |a Fault d jon and
ot " ["Fault el
info
to 1o

Figure 3-2: Block diagram for the proposed fault-tolerant control strategy

Simulation and experimental tests were carried out to assess the performance of the

control technique. For the experimental tests, a five-phase PMSM was used. Both
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the simulation and the experimental results validate the feasibility of the described

fault-tolerant control strategy.

3.2 Vectorial Approach For Generation of Optimal
Current References (FTC-VA)

In the previous section, a method for generating optimal current references both in
normal and in fault operation was explained. However, it was mentioned that current
references were stored offline in look-up tables. In [7], it is proposed a vectorial ap-
proach to compute the aforementioned current references in real time. Unlike a scalar
analysis like the previous one, the vectorial approach allows to reduce the number
of computations so that current references can be obtained in real time. Moreover,
as current references consist of expressions that depend on physical parameters, this
control strategy can be also used to evaluate the influence of machine parameters
in the control performance. In a vectorial way, electromagnetic torque, T' can be

expressed as follows:

T=¢i=¢cic.j (3.15)

being & the speed normalized back-EMF (SN-BEMF) vector (€/w), i the current
vector, and €< the accessible SN-EMF vector, which actually corresponds to &
adapted to the dimensions of Z, since the current vector can have certain compo-
nents imposed to zero due to constrains like a star connection or open-circuit phases.

From a control point of view, the computation of a current reference from a torque

one is given by:

;*

— T (3.16)

where Cis a vectorial criterion that allows to obtain a vector ¢ from a scalar T*. This
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criterion can be found by defining several constraints, being the balanced sinusoidal

currents or the minimum copper losses the most common ones.

Following the Minimum Joule-Loss Criteria, the following expression is defined with

aim of minimizing the instantaneous copper losses for a certain torque reference:

ps(t) = Rmin [|7]> = Rmin ) i} (3.17)
k=1

For a given torque 7', ||¢]| is minimized when the scalar product £ - 7 in (3.15) is

acc

maximized. This happens when 7 is collinear with &

i=A-2% A real (3.18)

Substituting (3.18]) in (3.15)), and assuming that one of the constraints is related
with the minimization of the torque ripple, 7" =T
T*

A - W (319)

From this and (3.16]) it is possible to define the criterion, ¢:

=>acc

g= - (3.20)

||gacc||2

Finally, the current reference vector can be obtained like:

=acc

% € *
1 = WT (321)
However, the goal of this control technique is to compute a vectorial criterion, ¢
that allows to generate optimal current references whatever the mode of operation is
(normal or with open-phases). Considering that the machine is star connected, one

extra dimension is lost in the current vector. Moreover, the possible disconnection of

a phase must be added to the analysis. Hence, the accessible SN-EMF, ¢ @¢ must be
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computed following the next expression:
cdec — oThe _ % (3.22)

where £7¢ is the accessible SN-EMF vector taking into account non-connected phases,
and € * is a zero-sequence SN-EMF vector expressed in (3.25]). This vector is obtained
by projecting the accessible SN-EMF vector under non-connected phase topology onto

the zero-sequence subspace generated by the star connection.

eTe =Y frendi (3.23)
k=1
=" fizi (3.24)
k=1
€% = (ghe. g¥)g* (3.25)

Equation ([3.26) shows how 27 is the unit zero-sequence vector that generates the

zero-sequence subspace.

n

#=Y Ji (3.26)

- =

k=14/f-f

Then, the number of connected phases can be easily calculated by:

n—m:f-f:ka (3.27)

k=1

Finally, the current reference can be thus calculated in the following way:

=*acc

- 5 . gnc _ 52 .
= T = T 3.28
CT e T e 529

It may be seen how expressions ([3.28]) and (3.13]), provide the same results, as
[7] states. However, the proposed vectorial approach provides several advantages

compared with the technique proposed in the previous section. The most remarkable
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one is related with the computation time. As the control is carried out in a vectorial
way, no matrices are used and hence computations are reduced. In this way it is
possible to obtain the current references from a torque one in real time. This is a
significant advantage for embedded systems with low memory capacity. Moreover,
in (3.28]), it can be seen how there is a direct link between the current reference
expressions and the physical parameters of the machine (SN-EMF), which does not
occur looking to . Scalar approaches store the computed current waveforms in
memory to then send them to feedback controllers as references. With the vectorial

approach current references are compute in real time.

The steps that have been followed in the previous lines are graphically represented

in the block diagram shown in Fig. [3-3]

(£(8)) -

£

.9”{9)}

AN

1)

Figure 3-3: Block diagram of the proposed vectorial approach for optimal currents genera-
tion [7]

Moreover, Fig. [3-4] shows the control scheme of the whole system. It may be
seen how it is quite similar to the one in Fig. [3-2] as the difference between both

methodologies is related with the current reference computation.

It must be mentioned that this control strategy has some limitations. First, in
particular fault cases, phase currents can have high-frequency components, which at
the same time could lead to high core losses. Moreover, the proposed method is only

feasible if there is no magnetic saturation, which is usually true when talking about

surface PMSMs (SPMSMs).

The performance of the proposed strategy is tested both in simulation and with

experimental tests. A five-phase surface-mounted permanent magnet synchronous
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Figure 3-4: Block diagram for the control scheme of the whole system |[7]

machine is used. Both simulation and experimental tests proved the feasibility of
the proposed methodology. Optimal current references make possible to have even a

smoother torque than in the normal mode.

3.3 Fault-Tolerant Control Based On Vector Space
Decomposition (FTC-VSD)

In a multi-phase machine, when one of the phases is disconnected, undesirable cur-
rent harmonics appear, leading to torque pulsations. In order to remove the mentioned
current harmonics, the reference voltage vector can be synthesized through a kind of
vector spaced decomposition-based space vector modulation (VSD-based SVM). This
technique is developed in [16,22,23] for dual three-phase PM machines and in [15]
for a six-phase induction machine. The dual three-phase PM machine is a non-linear
high-order system, making the analysis harder. Vector space decomposition allows
to decouple the voltage and current space vectors of the dual three-phase machine
in three two-dimensional (2D) orthogonal subspaces [22]. The o — 8 subspace, also
known as torque subspace is built by the fundamental components that participate

in torque generation. The x-y subspace, known as harmonic subspace is formed by
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the low-order harmonic components not participating in torque production. Finally,
the zero-sequence subspace ¢1-¢o comprises the zero-sequence components [44]. The
decomposition matrix for VSD in an asymmetrical dual three-phase machine (30°

phase shift) looks like below [22]:

(3.29)

=

02 0 0 0 2 2 2 F

In [16,[22] VSD is used to analyse the effects of different faults. Actually, speed-
sensor faults, voltage-sensor faults in the DC link, current-sensor faults and open-
phase faults are studied. However, the different procedures are quite complex and as
the scope of this Master Thesis is more focused in open phase faults, the different
processes that are followed in this paper will not be analysed deeper. In fact, a much
simpler control strategy that only takes into account the disconnection of one of the
phases for a dual three-phase asymmetrical PMSM is carried out in [23]. Fig. [3-5
shows the studied machine fed through a voltage source inverter in healthy operation,

while Fig. [3-6] shows the case of an open-circuit fault in phase F.

The stator voltage and flux equations for a PM machine are:

d
Us - RsIs + Ews (330)

e = Lol + 7,V (3.31)
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Figure 3-5: Dual three-phase PM machine fed by a voltage source inverter (VSI) ||
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Figure 3-6: Dual three-phase PM machine fed by a voltage source inverter (VSI) with an
open-circuit fault in phase F

being,

U, =

T
us up Uc Up uE]

T
L= [z'A ip ic ip zE]

T
V= oa v ve o sz]
RS == RI5
T
Vs = lcos(0) cos(0 —Z) cos(— %) cos(0 —5F) cos(6+ %)

U, is the PM flux linkage amplitude, 7, the flux coefficient matrix, and 5 the

identity 5x5 matrix.

Up to this point, vector space decomposition can be applied. In order to do so, the
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static decoupling transformation matrix under open phase faults must be expressed

as shown below:

T
T5s = o 5 Z1 %9 23] (332)

It may be seen that in this case, there is a missing dimension compared with .
Components o — 3 are related with the torque generation. z; subspace stands for the
harmonic components. 2z — z3 subspace is related with the zero-sequence components.
It may be seen how, in this paper the harmonic subspace is uni-dimensional. As
mentioned in [15], when having two isolated neutrals with a fault in phase F, the
second component of the harmonic subspace is no longer controllable by the VSC

(voltage source converter).

Following the winding space distribution, a and f can be obtained:

ol =11 _1 lﬁ_ﬁ]
2 T2 2 )

11
2 2

21, 2o, 23, @ and [ must be orthogonal to each other:

al - =0

Qo -zlzﬂT-zlzo

aT~22:BT-22:21T~22:0
ol vy =B =2l 3=z 23=0 (3.34)

There are several matrices that satisfy the previous expressions. Taking into ac-
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count that as both neutrals are isolated, zero-sequence components can be avoided:

- 1T

2=11 1100

=10 00 11

As it is noticed that 3 is not orthogonal to z3, following the condition of ip+ig = 0,

[ can be changed to:
T = [O \/75 _\/T:): 0 0] (3.35)

Finally, calculating z; in such a way that it fulfills (3.34]), the static decoupling

transformation matrix can be defined as:

1 -1 1 B _ V3
2 2 2 2
)& s 0 o
1
T-. = = 1 1 V3 V3B .
73l -3 -3 —% % (3.36)

Now, the af to dq rotating transformation matrix, Ps; can be expressed as:

cos(f) sin(f) 0

Ps= | _sin(6) cos(d) 0 (3.37)

0 0 I3

where I3 is a three-dimensional unity matrix. Hence, the final transformation
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matrix is:

Ty = PsTx, (3.38)

Fig. shows the schematic of the fault-tolerant control strategy. As there is
no coupling between the z;-axis and the dq subspace, the z; current controller can
be designed independently. However, there is a strong coupling between the d— and
the g—axis. This coupling may be attenuated by modifying the voltage vector with

matrix A(f). In this way, the new voltage vector can be defined:
Upng = A7 H0)Uy, (3.39)

being,

0.75 + 0.25c0s(260) —0.25sin(26)
A(0) = (3.40)

—0.25sin(20) 0.75 — 0.25c0s(26)
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Figure 3-7: Control scheme for the fault-tolerant control of DT-PMSMs based on the re-
duced order mathematical model.

Depending on the z; current reference, it is distinguished between the minimum
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stator loss mode and maximum torque output. The feasibility of the proposed method
is verified with a surface-mounted PM dual three-phase machine in a way that torque

ripple is suppressed effectively while the reliability of the drive is improved.

In [24], the same control strategy is proposed. In this case the analysed machine
has the neutral points connected between them and also to the medium point of the
DC-link. This makes the transformation matrices change, as now the assumption of
no zero-sequence current can not be applied. In any case, the procedure is the same

and similar results are obtained.

3.4 Fault-Tolerant Control Strategy Based on Wind-
ing Compensation Through Machine Equations

(FTC-WCME)

In previous sections it was mentioned that the simplest fault-tolerant technique
when talking about multiple-three-phase winding machines consist of isolating the
faulty winding, while the rest of them keep the operation. However, this supposes a
reduction in the rated power and thus torque. Fault-tolerant control techniques try
to take advantage of the healthy phases in the faulty winding to produce torque. A
simple idea when talking about a dual three-phase machine consist of compensating
the current harmonics in the faulty dq system with the healthy one. This idea is

applied in [21}25]. Four operation modes are described in [21]:
1. Normal mode: Both windings are healthy.

2. Isolated mode: When a fault occurs, the three-phase winding in which the fault

is located is isolated, and the healthy is still used.

3. Loss mode: When a fault occurs, the remaining five phase currents are controlled

in a way that copper losses are minimized.

4. Torque mode: When a fault occurs, the remaining five phase currents are con-

trolled in a way that the torque capacity is maximized.
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The total torque produced by the machine (surface-mounted PM dual three-phase

synchronous machine) can be expressed as:

3 .
Ta = §P¢PMZq1s (3.41)
3 .
Teg = §P1/JPM’Lq23 (342)
Te = Tel + TeQ (343)

where T,15 is the torque generated respectively by winding 1 and 2, 7} is the total
produced torque, P is the machine number of pole pairs, and ©¥p; is the PM flux

linkage.

Up to this point, it is assumed that a fault occurs in phase A, so that i, = 0.

Hence:

iB = —ic = Im . COS(Qel + ’)/B) (344)

In order to rotate to a synchronous reference frame, Park transformation is carried

out, thus obtaining 7415 and 74,:

cos(f)  cos(@—%)  cos(0+ %)

Py(0) = 3 | —sin(0) —sin(0 — Z) —sin(0+ )

0.5 0.5 0.5
I
ig1s = —=[sin(20. + — sin
d1 \/3[ (20c1 + V) (vB)]
I,
—=[cos(201 + vB) + cos(vs)] (3.45)

iqls - \/g

In the previous equations it may be seen how torque can be maximized by setting
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vp to O:

I, .
ig1s = —=5in(20,1)

V3

. I,
Qg1s = ﬁ[cos(%el) + 1] (3.46)
Here is seen how the double-frequency torque ripple appears when a phase is dis-
connected from the machine. By setting the dg, currents to a suitable value, this

pulsations can be compensated:

lg2s = 0
: I
lg2s = [T — %[COS<2961) + 1] (347)
being,
T,
Ir = —— 3.48
" TP (3:45)

Once the current expressions are known, the loss mode strategy can be defined.

System copper losses can be expressed as follows:

bcu = 15R5[(Z?lls + Z215) + (2325 + 2(2125)] (349)

Replacing (3.46]) and (3.47)) in (3.49)), the following expression may be obtained:

7
Pou = 1.51%}23(6772 —2n/V341) (3.50)

Moving to the per-unit value of pcy:

PCu 9
koy = — 3502 — 2v/3n + 3 351
¢ = 052R, n' =230+ (3.51)

Finally, according to [25], k¢, is minimized when:
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Once the loss mode has been defined, torque mode is proposed. In both normal
and isolated modes, all phases have the same copper losses. In order to find out the
actual situation of the phase copper losses when running in fault-tolerant mode, Park

inverse transform is carried out:

P = pc = i5R, = 0.50°I2R,

5 IZR,
pp =iLR, = T12 {[3 — 2c0s(2A60)]n* — 2v/3]2 — cos(2A0)]n + 6}
5 IZR, 2 2
Pe = iR, = T12 {[3 — 2cos(2A8 + %)]772 — 2V/3[2 — cos(2A8 + g)]n + 6}
5 I? 2 2
pr = i2R, = Tl—gs{[?, — 2c0s(2A0 — g)]n2 — 2V/3[2 — cos(2A6 — ?W)]n +6}
(3.53)
cos(0) —sin(0)
Pyy3(0) = cos(6 — %’T) —sin(0 — %’r) (3.54)
_COS(Q +28) —sin(f + %ﬁ)_
Finally, equations in (3.53)) are expressed in a per-unit way:
DB 2
kg =k =—>—— =
B=RC =052k,
D 1
kp = 052};35 = 6{[3 — 2c05(2A0)]n* — 2V/3]2 — cos(2A0)]n + 6}
]5E 1 27 2w
kg = 05I2F, = 6{[3 — 2c0s(2A0 + ?)]T)Q — 2v/3[2 — cos(2A6 + ?)]77 + 6}
ﬁF 1 27 2w
(3.55)
The per-unit maximum phase copper loss, k.. is defined as:
kmax :max{kB,k:D,kE,kp} (356)
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Maximizing the torque capacity means that k,,,, must be minimized. For a given

A0, kmaz-min is obtained when 1 = ez —min- In |21] it is calculated that:

kmaz-min = 0.4422 4+ 0.202 - cos(2a) (3.57)
Nimaz-min = 0.672 + 0.13 - cos(2a) (3.58)
with
T T T
— (A0 + DymodX — L .
a= (A0 + 6)mo 57 6 (3.59)

Summarizing, the feature of loss mode is n = %3 while for torque mode it is n =
Nmaz-min- Lhus, torque mode and loss mode are two totally independent operation

modes.

Once both methods are proposed, their effectiveness is tested in an experiment
platform with a surface-mounted dual three-phase permanent magnet synchronous
machine (DT-SPMSM). It is found that loss mode is preferred for light loads, while
torque mode must be used when the load increases as torque can be increased around

a 30%.

3.5 Fault-Tolerant Control Based On Preserving
the Magneto Motive Force (FTC-MMF)

In general terms, a PM machine is mainly driven by the electromagnetic torque
generated due to the interaction of the fundamental component of rotor and stator
field. When operating in normal conditions, both fields rotate at the same speed so
that a steady electromagnetic torque is produced. In addition, varying the stator
phase currents allows to change the stator field in order to find certain control ob-
jectives. This idea is followed in [17] with aim of achieving a fault-tolerant control

strategy. A surface-mounted six-phase PM machine in which the six phase windings
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are symmetrically distributed around the stator is analysed. Then, the phase currents

can be expressed as follows:

T4 = Icos(wt) Ip = Icos(wt — 2a)
Ic = Icos(wt + 2a) Ip = Icos(wt — a) (3.60)

Ip = Icos(wt — 3a) Ip = Icos(wt + «)

where « is equal to 7/3, I represents the amplitude of the phase currents, and w
consists of the electrical frequency of the phase currents. Then, the magnetic motive
force that each phase current produces can be calculated , and each of them can be
divided in two different portions called positive and negative sequence of the MMF,

as seen in (3.61)):

MMF; = MMF} + MMF; (3.61)

Subscript ¢, is used for representing each phase winding, while ‘+” and ‘-’ indicate
the positive or the negative sequence of M M F;. The positive sequence of the magneto
motive force is equal for the six-phase windings, both in amplitude and in phase, and

can be calculated as:

MMF;" = Nlcos(wt —0)/2 (3.62)

Hence, the positive sequence of the magneto motive force is equal to six times
the positive sequence M M F' of each phase. The magnetic field induced by the total
positive sequence of the MM F will thus provide the motor with a steady average

torque. Fig. [3-§ also shows this effect. In the other hand, the negative sequence of
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the magneto motive force is not equal for all the phases, and will be expressed as:

MMF, = Nlcos(wt +0)/2

MMFg5 = Nlcos(wt + 0 + 2a) /2

(
(
MMF; = Nlcos(wt +6 —2a)/2 (3.63)
MMF;, = Nlcos(wt+ 0 —2a)/2
MMFy = Nlcos(wt+ 0)/2

(

MMFg; = Nlcos(wt + 0 + 2a) /2

being N the total number of turns in each phase winding, and # the spatial angle.
Considering that MM F'* rotates in the anticlockwise direction, Fig. shows the
distribution of MM F;" and MMF; .

D-
N\
All+ A-
F-/ E-
y B-

Figure 3-8: Distribution of positive (left) and negative (right) sequence of MMF under
healthy condition [17]

It can be seen that M MF,  counteracts with each other, being the total sum of
MM F~ equal to zero. This implies that torque is only produced by M M F™* so that a
constant electromagnetic torque is generated. Once the analysis for healthy operation

is done, it must be repeated assuming an open-circuit fault in phase A.

When an open-circuit fault occurs in phase A, no current flows through that phase,
and therefore MMF{ = MMF; = 0. Now, the total positive-sequence component

of the magneto motive force is five sixth of that in healthy operation, so that the
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produced torque is degraded. Moreover, the negative-sequence component of the
MMF is not null any more but equals to —MMF, in a way that a magnetic field
rotating in the opposite direction of the rotor field is induced. This effect leads to

torque pulsations.

The mentioned paper proposes a fault-tolerant control strategy that allows to mit-
igate this effect. First, the neutral point of the machine windings is connected to the
medium point of the DC-link. Besides, phase currents are independent of each other.
This implies that the sum of all the phase currents equaling zero is not true any more.
Hence, up to four-phase open-circuit faults can be tolerated. Once the faulty phases
are detected, two constraints are adopted: the amplitude of each phase current should
be the same, and the negative sequence of the magneto motive force should be zero.
Now, under an open-circuit fault in phase A, the phase current expressions will be

the following ones:

I4y=0
Ip = Icos(wt — 2 + Op)
Io = Icos(wt + 2a + 6¢)
Ip = Icos(wt — a+ 0p) (3.64)
Ip = Icos(wt — 3+ )
Ip = Icos(wt + o+ 0F)

Fig. |3-9, shows how MMF;" and MMF, are distributed when an open-circuit

fault occurs in phase A

Attending to this new distribution, the following system of equations can be devel-
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Figure 3-9: Distribution of positive (left) and negative (right) sequence of MMF under
A-phase open-circuit fault condition [17]

oped:

min — (cosfp + cosbc + coslp + cosOp + coslr)
sinfp + sinfg + sinfp = sinfc + sinfp (3.65)
coslg = sin(B — Og) + sin(f — 0c) + sin(f — 0p) + sin(B — OF)

sinfg + cos(B — 0c) + cos(B — 0p) = cos(B — 0p) + cos(B — OF)

Where 5 = 7/6. With aim of maximizing the produced electromagnetic torque, the
optimal function in is to maximize the horizontal component of M M F, which
is the positive-sequence of the M M F' under faulty conditions. The first equation in
(3.65)) means that M M F ;“ has no vertical component to preserve the same phase as
in healthy condition. The last two equations mean that the negative-sequence of the
total MMF, MMF;", equals to zero to reduce the torque ripples. After solving the

optimization problem with Matlab, the following results are obtained:

0c = 0p = 0.271
O =0p = —0.271 (3.66)
QE - 0
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With this solution, the obtained amplitude of MMF}T is 0.809 times of MMF™.
Hence, only the 80.9% of the produced electromagnetic torque in healthy operation

can be obtained.

In a similar way, the method can be applied when other open-circuit faults appear.
Solving the obtained systems depending on the number of disconnected phases (the
method can work up to four open-phase faults) with the help of Matlab, results in
Table B.3] are obtained.

Table 3.3: Calculation results for phase currents under each different fault condition [17]

Fault Angle to adjust Torque
type output
O | 0c | Op | O | OF

A -7 17 0 -7 0.809
AY - B B -5 0.577
AB g -p B -p 0577

ABC 0 0 O 0.5
ABY v o -B -5 0.289
ABZY 0
ABCY B -6 0.289

7 and 7y are equal to 0.271 and 7/2 respectively. Finally, the implemented control
scheme is shown in Fig. [3-10}

It can be seen how currents are not controlled in the synchronous reference frame
but each phase current is controlled. Hence, e ¢ consists of the coordinate transfor-
mation under faulty conditions. This will vary for each situation specified in For

instance, for a open-circuit fault in phase A, the remaining phase currents will look
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Figure 3-10: Fault-Tolerant Control Scheme for the Six-Phase SPMSM [17]

like:
Ip = Ijcos(2a — 0, + 1) + I,;sin(2a — 6, + 7)
Ic = Ijcos(—2a — 0, — 7) + I;sin(—2a — 6, — 7)
Ip = Ijcos(a — 6, — 1) + I;sin(o — 0, — 1) (3.67)
Ip = Ijc08(3a — 0,) + 1;sin(3a — 6,.)
Ip = Ijcos(—a — 0, + 1) + Isin(—a — 0, +7)

being 6, the rotor position.

Finally, the paper analyses the effectiveness of the proposed technique in a Mat-
lab/Simulink simulation, finding that the simulating results match with the theoret-

ical analysis.

3.6 Fault-Tolerant Predictive Control (FT-PC)

One option when it is wanted to obtain a fault-tolerant control methodology for a
multiphase machine consists of using a predictive model of the analysed machine. It
must be mentioned that this technique is used for generating suitable gate commands

once the optimal current references have been obtained following certain methods
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as the ones proposed in previous sections. This concept is proposed in [26]. The
mentioned paper analyses three different model predictive control (MPC) methods.
The analysed machine consists of a six-phase surface-mounted PM machine. The

analysis begins with the model of the machine in the pre-fault operation:

d
vy = Rgig + Lsais + e (3.68)

being v, the phase voltage vector, R, the resistance of each phase winding, i, the
vector of phase currents, es the vector of back-electromotive forces (back-EMFs) of

all the phases, and L, the phase inductance matrix.

Moving to the post-fault operation, it is assumed that an open-circuit fault occurs
in phase F. By carrying out some simplifications that are more clearly specified in
[26], equation shows the mathematical model of the converter, indicating the
relationship between the switching states and the machine phase voltages in fault

operation:

E

ujn:vdc~5j—%~25j—0% (3.69)
j=A

However, this model shows that vg, creates a coupling relationship in the converter
model, in a way that the remaining healthy phase voltages are also dependent on the
faulty phase voltage in addition to the switching state of the power converter. This
would complicate the prediction process. With aim of simplifying the predictive
model, the virtual phase voltages Vj, are chosen to be the output of the converter
for the advantage of no common-mode component. Thus, the simplified model of the

converter will be:

U;5 = ‘/210/5 : Tc : 85 (370)
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Ve = ! ! / / ! 3.71
s5 Yan YBn VYon VDn UEn] ( )

S =154 Sg S¢ Sp SE] (3.72)

Te=1-1 -1 4 -1 -1 (3.73)

Substituting vl; in (3.68]), (3.74) is obtained. The subscript sb means that the
dimension of the vector or the matrix is reduced from 6 to 5. The superscript ' means

the parameter is modified from its original physical meaning.

d
VUgs = Ryigs + L;%m +ess +ep- A (3.74)
where
T

Fig. [3-11] shows the control scheme of the proposed method.

Instantaneous reference currents, i}; are obtained through fault-tolerant methods
like minimum copper losses mode or maximum torque capacity mode, as explained in
previous sections. Then the current control loop is carried out by predictive control
strategies so that the optimized duty cycles of the five-phase legs (i.e. Ds(k + 1))
in the following period can be obtained. Three different types of predictive current

control can be distinguished depending on the modulation strategies: Conventional
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Figure 3-11: Block diagram scheme for the explained method [26]

ot

Model Predictive Control (CMPC), Two-Vector-Based Predictive Control (TVPC)
and PWM Predictive Control (PWMPC).

3.6.1 FT-CMPC

The following steps must be followed for implementing CMPC. First of all, the
switching states must be transformed to phase voltages through . Then, the
phase currents are predicted by the machine model . After that, a cost function
is used to evaluate the optimum switching state. The optimized voltage vector is
applied in the whole sampling period. With aim of implementing the mentioned
control strategy in a digital processor, the models must be discretized. Being X the
phase currents state vector, U the switching states input, B, C and F coefficient
matrices, and U,y the optimal voltage vector: Fig. [3-12(a) shows the total number
of possible states. It can be seen how the cost function equals to the amplitude of the
error | X 7| between the reference state vector | X*(k+1)| and the i*" response vector
| X;(k + 1)|. The smaller the error the closer to the optimum point. Fig. [3-12(b)
shows the switching sequence in a sampling vector, while Fig. [3-12|c) summarizes

the whole execution process.

3.6.2 FT-TVPC

As seen in Fig. [3-12((a), most of time there is a huge distance between the reference

state and the state response of U,y,. The goal of FT-TVPC consists of adding an
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Figure 3-12: FT-CMPC main principles. (a) Vector diagram.(b) Switching sequence. (c)
Execution procedure.

extra zero voltage vector that allows to modulate with the optimizing vector, in a
way that the phase currents can be closer to the reference values. This is illustrated
in Fig. [3-13|(a). Fig. [3-13|(b) shows the switching pattern of phase legs in a sampling
period and the work flow respectively, while Fig. [3-13|c) indicates the execution
process of the method. In general, the synthesized voltages generated by FT-TVPC
are preferable compared with FT-CMPC.

3.6.3 FT-PWMPC

When more than two voltage vectors are used in each sampling period, as shown
in Fig. [3-14f(a), it is quite hard for the conventional enumeration method with cost
function to determine the optimizing vectors as well as their duration. FT-PWMPC
is used for reversing the prediction procedure of CMPC, in such a way that the opti-
mizing duty cycle is determined by substituting the reference phase currents X (k+1)
in the state equation. The execution procedure of the proposed FT method is shown
in M(b), which is more concise than the previously explained methods. The last
outputs of the control methodology are the converter duty cycles. Fig. [3-14{(c) shows
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Figure 3-13: FT-TVPC main principles. (a) Vector diagram.(b) Switching sequence. (c)
Execution procedure. [26]

the switching pattern of the PWMPC.

3.7 Proposed Fault-Tolerant Control Strategy Based
on Winding Compensation Through Sensor Mea-

surements (FTC-WCSM)

As mentioned in previous sections, a dual three-phase machine consists of a six-
phase machine, whose phase windings can be split in two independent three-phase
systems. Both three-phase windings can be connected (better means for fault-tolerant
operation), or isolated (simplify controlability). However, in section , a F'T control
technique for a DT-PMSM with isolated neutral points is proposed. The technique
principles consisted of compensating the faulty three-phase system with the healthy
one. That process was done through machine equations. In this Master Thesis,

a similar F'TC strategy is proposed. This method allows to compensate the torque
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Figure 3-14: FT-PWMPC main principles. (a) Vector diagram.(b) Switching sequence. (c)
Execution procedure.

pulsations in a faulty three-phase set by adapting the current references of the healthy
one. In order to do so, sensed current measurements are used. Current measurements
allow to avoid all the mathematical calculations done in[3.4] being the implementation
thus considerably simplified. As higher sensor accuracy as better fault compensation.
Negative-sequence PI controllers must be added when increasing the rotating speed
in order to track sinusoidal current references. The technique is limited to multi
three-phase machines with isolated neutrals, and a perfectly healthy three-phase set

is always required.

When controlling the machine with a digital signal processor (DSP), while mea-
suring currents and voltages with sensors, it is possible to have that measurements
available in real time through the microcontroller analog-to-digital converter (ADC).
The suggested FTC technique is based on calculating the error between the dg—axis
current reference and the real dg—axis current of the faulty three-phase winding so
that the dg—axis current reference of the healthy winding can be modified in a way

that the error is compensated. Therefore, this technique allows to keep constant the
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total dg—axis current (i441 + %a42), and thus torque, despite the open-phase fault in

one phase. Fig. shows the control scheme of the proposed FT control technique.

1o
*
i ir* T* d v 3-ph
l lags,FT T PI | Vdags q abc
dgs, as1 reg 451, g »  Power
- : Y Converter
ir
ldqsl
. d
OPTIMAL Lags, gl
CURRENT
GENERATOR abe |4
BT $on
lerz
o e r* d * 3-ph
ldqsz ldqstT + PI 1'7dqsz _ q 1Jdef > P
- reg. abc Converter
k- 4
i
ldqsl ir iy dq <
dqs, dqs,
def |«
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Figure 3-15: Control scheme of the proposed FTC technique

where 6, is the rotor angle, 6,; is the rotor angle respect to the first three-phase
winding. If the rotor is initially aligned with phase A, 6,1 = 0,.. 0,5 is the rotor angle
respect to the second three-phase winding, so that 6., = 6, + 6, where 60, is the

phase shift between both three-phase windings.

The key point of the FT control strategy is to generate the optimal current ref-
erences for the healthy three-phase system when a fault is detected. Assuming an
open-circuit fault in phase A, according to (3.46)), the faulty dg—axis currents (iggs, )
will suffer double rotor frequency pulsations. Hence, the goal of the optimal currents
generator will consist of varying the healthy dg—axis current references (izm) so that

the fault is compensated. This can be done in the following way:

» . » .
Laso PT = Ldsy T Uds, — Ldsy

% e - .
ZQSQFT - ZqSQ + qul — 1gs; (3.76)

However, as seen in Fig. and as explained below the mentioned FT control
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strategy implies to control ac currents (pulsations due to the fault in the faulty wind-
ing and due to the error compensation in the healthy winding) with PI controllers.
This will result on a poor performance. In [15], the use of dual PI/PR controllers is

proposed. Fig. shows the implementation of the dual PI:

i:iq + PI + v:iq
_ > reg. _ —
lag
NEG PI POS
ROT reg. ROT
25, 25,

Figure 3-16: Dual PI implementation

It can be seen how, the first PI controller (top one) is in charge of controlling
the positive sequence of current, while the second controller (bottom one) controls
the negative sequence component of current. In order to do so, the current error is
negatively rotated attending to double the rotor angle. Then, the controller control
action is positively rotated attending to the same angle in order to recover the initial

reference frame.

It must be mentioned that the proposed technique allows to keep the performance
of the machine when a single-phase fault occurs in one of the three-phase windings.
If two open-circuit faults occur in the same three-phase winding, no current would
flow through it, and the current reference for the healthy three-phase winding would
be doubled. This could cause currents above the rated values to flow through the
healthy three-phase system phases. In this way, current limits can be incorporated
in the optimal currents generator. Obviously, this will promote a reduction in the
maximum achievable torque. If an open-circuit fault occurs in a phase of both three-

phase windings, the proposed technique will not work.
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3.8 Conclusions

In this chapter, several fault-tolerant control strategies proposed in literature have

been described:

e Based on the instantaneous power balance theory, FTC-IPB assures the opera-
tion of the machine by calculating the excitation currents for the healthy phases
that allow to keep the produced torque constant. Optimal current references are
first calculated and then stored offline in look-up tables. Hysteresis controllers
are used for tracking the current references. This fact makes the method not so
suitable for its implementation, as for this Master Thesis, currents are wanted

to be controlled in a synchronous reference frame with PI controllers.

e FTC-VA improves the performance of the previous described method, as it al-
lows to obtain current references in real time. However, current is also controlled
using hysteresis controllers. In addition, the technique is only feasible when
there is no magnetic saturation, being this point usually fulfilled for SPMSMs
but not for IPMSMs.

e Vector spaced decomposition-based space vector modulation (VSD-based SVM)
is used for synthesizing a reference voltage vector so that the current harmonics
promoted by an open-phase fault are removed (FTC-VSD). The method is
feasible for DT-IPMSMs with isolated neutrals. Currents are controlled in a
synchronous reference frame with PI controllers. These facts make the technique

attractive to test in simulation and in the test-bench.

e Analyzing the machine equations when suffering an open-phase fault allows to
compute the effects of the fault in the phase currents. When distinguishing
between two three-phase sets, the healthy one can be used to compensate the
error in the faulty one. FTC-WCME applies this technique by using the machine
equations to estimate the new current reference for the healthy set that allows
to compensate the faulty one. PI controllers are used. The technique can be

feasible to implement in simulation and in the test-bench.
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e When operating in normal conditions, the positive sequence of the magnetic
motive force equals to six times the one of each phase, while the negative com-
ponents of each phase counteracts with each other so that the sum equals zero.
This does not happen any more when an open-phase fault occurs. FTC-MMF
tries to mitigate this effect, forcing the sum of the negative-sequence of the
MMF of each phase to be zero. Connection of the machine neutral point to the
DC-link midpoint is required. This makes the technique not interesting at all
for implementation in the test-bench, as isolated neutral points are preferred
to simplify the control strategy. In addition, currents are not controlled in a

synchronous reference frame with PI controllers.

e Another option for obtaining a FTC technique consists of developing predictive
models of the studied machine. It allows to obtain adequate gate commands
from the current reference. Three different methods are compared. CMPC,
TVPC and PWMPC. However, an additional FT control strategy is required
for generating optimal current references. The method is not designed for DT-
IPMSMs with isolated neutral points but for six-phase PMSMs with connected
neutral points. Implementation of cost functions in the algorithm raises the

complexity of the method.

e Finally, FTC-WCSM is proposed. When an open-phase fault occurs, current
pulsations (and thus torque) appear in the faulty three-phase system. This pul-
sations can be attenuated by compensating them with the healthy three-phase
set. This was done in FT-WCME by using the machine equations. However,
FTC-WCSM carries out the fault compensation by measuring the difference be-
tween the current reference and the actual one in the faulty set. Then, the cur-
rent reference in the healthy system is varied attending to the error in the faulty
one so that the pulsations are compensated, and constant torque is achieved.
The technique is valid for DT-IPMSMs with isolated neutral points with single
phase faults in one of the three-phase sets, making it feasible to implement in

the test-bench.

71



72



Chapter 4

PM Temperature Estimation

4.1 Introduction

In this chapter, the effect of temperature variation in a PMSM will be discussed.
Two temperature estimation methods will be presented: one for estimating the tem-
perature of the permanent magnet (PM), and one for the differential PM temperature

estimation.

4.1.1 Temperature dependence on PMSM torque

The performance of PMSMs is considerably affected by the PM temperature. An
increase in the magnet temperature reduces the magnet strength [31-33,45}46], so
that the torque capability of the machine is reduced. PM remanent flux, B, typically
decreases when the temperature is increased, promoting the mentioned drop of the
PM strength. Equations , and , show the expression of the torque
produced by a PMSM, and how it can be split in two components: the reluctance
torque, T, and the electromagnetic torque, T,. Both components are influenced by

the rotor temperature.

Neodymium magnets, also known as NdFeB magnets are currently the most com-

mon choice in PMSMs thought other technologies such as ferrite, [47,48], SmCo,
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[49,[50] and AINiCo magnets [51H53] can be also found. Table 4.1 [54], shows typi-
cal values of the PM thermal remanent flux coefficient, which is defined as the PM
remanent flux rate of variation with temperature, ap [31}33,34], PM remanent flux,
B,, and the operating temperature range for commonly used PM materials [54]. Tt
is observed that the coefficient ap strongly depends on the material; SmCo and Al-
NiCo magnets presenting low values of ap [55], which means that the variation of
their remanent flux (and hence torque) with temperature is relatively low. Conse-
quently, for machines equipped with this type of magnets, precise estimation of the
PM temperature is not a major concern. On the other hand, both ferrite and NdFeB
magnets have high values of ag, thus being the variation with temperature of their
remanent flux considerably large. In this case, to carry out a precise control of the
torque produced by machines that equip this type of magnets might require precise

measurement /estimation of the magnet temperature.

Usually in NdFeB, up to 12% of the neodymium material can be replaced by dys-
prosium (Dy) [56], ot terbium (Tb), to preserve their magnetic properties at high
temperature. However, as seen in Table [1.2] this action penalizes cost. Disprosium
price can be up to 5 times higher than NdFeB, and terbium more than ten times.
Due to this fact, the interest in the development of Dy- and Tb-free magnets has
raised [57].

Table 4.1: Typical values of the PM thermal remanent flux coefficient.

PM material | ap(%/°C) | B.(T) | Operating Temperature Range (*)
Alnico 5-7 -0.02 1.35 4 K to 520 °C'
Alnico 8 -0.01 0.85 4 K to 520 °C
Ferrite 8 -0.2 0.39 -40 °C' to 150 °C
Ferrite 9 -0.18 0.45 -40 °C' to 150 °C
SmCo 1:5 -0.045 0.90 4 K to 520 °C'
SmCo 2:17 -0.035 1.10 4 K to 520 °C'
NdFeB 33EH -0.11 1.15 150 K to 200 °C'
NdFeB 48M -0.12 1.39 150 K to 100 °C

(*)°C and K are used as this is the format used by the manufacturer [54].

Ferrite, SmCo, AINiCo or NdFeB permanent magnets can suffer irreversible demag-
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netization under certain temperatures and loading (i.e. i,y current) conditions. The
effect of demagnetization in PMs has been widely studied [58-60]. Demagnetization
is an effect that might appear locally (partial demagnetization), or globally (uniform
demagnetization) [58]. The maximum temperature at which the machine can work
is defined as the maximum temperature that the PM can withstand without suffer-
ing irreversible demagnetization. As seen in Table [4.1] the operating temperature
of AINiCo and SmCo PMs is wider compared with ferrite and NdFeB magnets. In
each case, demagnetization due to temperature occurs at a well defined value, so that
high accuracy in the estimation of temperature is required to prevent demagnetiza-
tion if the machine is expected to operate at temperatures close to the temperature
limit of the PMs. Thus, measurement or alternatively estimation of the PM’s tem-
perature is highly desirable for torque control/monitoring purposes and to prevent
demagnetization [61-63].

Table 4.2: China’s domestic price of materials contained in a majority of magnets. Source:
Bomatec Newsletter September 2016

PM Material Cost Cost trend Conditions
(RMB/Kg) | (One year)

Terbium metal 3600 Ve min. of 99% purity
Dysprosium metal 1700 — min.of 99% purity
Neodymium metal 320 Ve min. of 99% purity

Samarium metal 87 o min. of 99% purity
Cobalt metal 205 — min. of 99.8% purity

4.1.2 Review of magnet temperature measurement methods

In practise, it is not easy to measure directly the temperature of a PM [64]. Tt
implies modifications of the machine, thus reducing robustness, and typically needing
additional electronics for conditioning and filtering, which increases cost [65}66]. In
this manner, PM temperature measurement systems are not usually implemented in
standard machines, being their use limited to laboratory prototypes. Temperature

measurement methods can use non-contact and contact type sensors. Next, both
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types are briefly discussed.

a) Non-contact type sensors

Non-contact type sensors (i.e. IR) [31,33] require the magnet surface to be visible.
This is feasible in many SPMSM’s designs, but is not possible in most of the IPMSM’s
designs. Further concerns related to this type of sensors include price, accuracy,
reduced robustness and mounting issues. In [31], the use of an IR (infrared) camera
was introduced. The measurement system was tested in two SPMSMs, in which
the surface of the magnets was visible. The studied system required drilling the
machine end frame in order to have visual access to the magnet, thus compromising
the robustness of the machine. The IR camera measures the side face of the magnet,
PM temperature distribution measurement in the axial direction not being hence
possible. In [33] it is presented the use of an infrared thermometer in such a way
that, although the cost was significantly reduced [31], the system also suffered the

above mentioned limitations.
b) Contact type sensors

The use of contact-type sensors has been proposed with aim of overcoming some
of the limitations of non-contact type sensors [28,/65-67]. Contact type sensors (e.g.
PTC thermistors, thermocouples, etc.) stand in need of the use of slip rings and
brushes, or alternatively of a wireless transmission system. The prototypes that
have been developed up to date provide either a single measurement or the PM
temperature distribution in one dimension, typically the axial direction. In [65], a
measurement system of this type is analysed. Addressed to induction machines, the
rotor was equipped with 6 thermocouples. The method was broadened to IPMSMs
in [28,66,(67]. Four thermocouples are used to measure the temperature at different
points of the magnet. The remaining two thermocouples are used to measure the
temperature at the rotor yoke. With this system it is possible to obtain information
about the temperature distribution in two different points of the magnets. However,

the method does not allow to measure asymmetries among poles.
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4.1.3 Review of magnet temperature estimation methods

An alternative to PM temperature measurement is PM temperature estimation.

PM temperature estimation methods can be divided into thermal models 29,30,
68-70], BEMF based methods [71-74] and methods based on the injection of some
form of test signal [27,28]31}33].

4.1.3.1 PM temperature estimation using thermal models

A thermal model consists of a set of thermal nodes, each of which stand for an
uniform temperature region. The thermal nodes are connected through thermal re-
sistances, which represent the heat transfer. In order to represent the machine power
losses (i.e. copper, core and magnet losses), power sources are used, while the ca-
pability of storing heat for the different parts of the machine is represented by heat
capacitors. Therefore, to build a thermal model requires knowledge of the geom-
etry of both the rotor and the stator, the materials used and the cooling system.
Consequently, a thermal model must be developed and calibrated for each specific

machine [29,|75].

Thermal models are normally based on a 2D machine model, so that a constant tem-
perature in the axial direction is assumed. Moreover, these models do not consider
thermal asymmetries between magnets (e.g. due to lamination grain orientation).
Greater precision would be obtained by using thermal 3D models, but its complexity
would increase exponentially. Some of the factors that complicate the thermal model-
ing are, among others, the complex machine geometry, heterogeneous materials, and
different modes of heat transfer [69]. Modeling the heat transfer toward the envi-
ronment is a common problem for all machine types but it can be estimated using

external sensors, as this is usually an accessible part.

4.1.3.2 PM temperature estimation using BEMF based methods

BEMF based methods estimate the magnet temperature from the rotor PM flux

linkage, which is estimated from the machine terminal voltages and currents [71-74].
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The physical principles of the magnet temperature estimation using the BEMF can be
obtained from the fundamental model of a PMSM in the synchronous rotor reference

frame, which is shown in equation ([2.1]).

The PM flux, Apys , only affects to the g—axis. Hence, for the estimation of the PM
flux, and as result for temperature estimation, only the ¢—axis equation is required
. In , R, is function of the stator temperature, T, Apys is function of the
magnet temperature, 7, , while L;; and L, are both function of 7, and lgqs CULTENt.

Therefore, equation (4.1)) can be expressed as (4.2), from which the PM flux can be
obtained as (4.3)).

Vgs = Rysig, + pLysiqs + wyLasig, + Apywy (4.1)
v;"s = Rqsm)igs + qus(Tr,z’gs,z‘gs)igs + erds(Tr,iZ,i:l)izs + Apm(,)wr (4.2)

T T T T
Ugs — <Rq8(Ts)qu + qus(Tr,igs,iQS)qu + WrLds(Tnigs,igs)st>

A _
PM(T) W,

APM(T,) = APM(T) (1 + B(T, — To)) (4.4)

Equation (4.4]) shows how the PM flux varies with temperature, being 7Ty the room

temperature and 3 is the magnet flux thermal coefficient. The magnet temperature,

T, is obtained from ({4.4]).

Obtaining Apas(r,) from when the machine is rotating under no-load condition,
i.e ig, = 0, is relatively simple, and is given by . Otherwise, obtaining Apas(r,)
when 7, # 0 is not trivial, as knowledge of the stator temperature is needed to
estimate the g—axis resistance variation using , where ., is the copper thermal
resistive coefficient. Moreover, previous knowledge of d and ¢— axis inductance maps

is needed (i.e. variation of the d and g—axis inductance with iy, to compensate their
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effect in (4.2)-(4.3) [71-74].

T
v S

APM(T,) = wi (4.5)

r

Ros(r) = Ros(r) + (1 + aeu(Ts — Tp)) (4.6)

4.1.3.3 PM temperature estimation based on using signal injection

a) Magnet temperature estimation using rotating voltage
injection
When feeding the stator of a PMSM with a high-frequency voltage, the magnet-

flux-dependent term in (2.1) can be safely neglected, since it does not contain any

high-frequency component, and the high-frequency model is obtained.

Subscript hf in (4.7)) represents the high-frequency component of the corresponding
machine parameters and variables. Therefore, if the frequency of the injected high-
frequency signal is high enough compared to the rotor frequency, the rotor speed
dependent terms in can be safely neglected. An orientation threshold for this
assumption can be wpy > w, 4+ 27500. Then, a simplified high-frequency model like
the one shown in can be obtained.

Vgshf Rang 0 Y Lany 0 Lanf
Ugshf 0 Ry ith 0 Lgny ith
T c - (4.7)
0 —erth ighf
+
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Vgn, f Rany 0 Laih f Lany 0 Lalh f (48)

Ughf O Ranp| |%gns 0 Lans| |%gnys

The d— and g—axis components of the high-frequency resistances, Rqny and Rgy,
depend on both the stator and rotor high-frequency resistances , being Ry (d—
or g—axis) the high-frequency resistance seen from the stator terminals, R, the
stator circuit contribution to the high-frequency resistance and R,;s (d— or g—axis)
the rotor high-frequency resistance reflected in the stator. Both the temperature of
the stator and the rotor affect the corresponding resistances, as generically shown
by . For the case of the stator & = ay,, which is the copper thermal resistive
coefficient (stator high-frequency resistance), while for the rotor case, @ = Qqy,
which is the magnet thermal resistive coefficient (rotor high-frequency resistance).
R(T},) stands for the stator/rotor resistance at the room temperature. The magnet
temperature will affect to the PM strength ({.11)), where B,(T}) is the remanent PM

flux at the room temperature, 7' is the temperature, and T} is the room temperature.

Rpp = Rsng + Brng (4.9)
RT = RTO + (1 + Oé(T — T0)> (410)
BrT = BTTO + (1 + aB(T)(T — To)) (411)

Combining (4.9) and (4.10)), it is possible to express the high-frequency resistance
seen at the stator terminals as (4.12)) shows, being T, and T, the stator and rotor

temperatures, respectively.

Rup(Ts, T,) = Renger) + Rong(ry) (4.12)
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As equation shows, the magnet temperature can be estimated from the high-
frequency resistance, as long as the high-frequency resistance of the machine at the
room temperature and the stator temperature are known. During a commissioning
process, the high-frequency resistance of the machine at the room temperature can
be measured, while the stator temperature can be easily measured via a contact-type

temperature sensor (e.g., thermocouple, resistance temperature detectors, etc.).

The high-frequency resistance may be estimated through different forms of high-
frequency excitation. While all these methods respond to the same physical principles,
differences will appear in their practical implementation and performance. The use of
the rotating voltage injection has already been proposed [31] and is briefly described

below for convenience.

When a rotating high-frequency voltage (4.13]) is applied to the stator terminals
of a PM machine, its high-frequency model is obtained by replacing the p operator

in (4.7) by jwsr, (4.14) being obtained. By solving (4.14)), the stator high-frequency

currents in the rotor synchronous reference frame (4.15)) and (4.16)) are obtained.

Vigns = Vage™! (4.13)
Ugnt Rany + jwnsLang —wr Lgng Ty (414
Ughf Wrthf thf + jwhquhf ighf

v e — wpLgn i
iy = —nf 2 ahg (4.15)
Rany + jwnsLany
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Wy thfvghf

anf + JWns Lang (4.16)

l;hf = U:lhf + R

Rang + jwnsLony
(Rang + jwngLang)(Rang + jwnsLong) + w2 Lang Lgny

Obtaining Rgny and Ry ¢ from and is not trivial. First, there is cross-
coupling between the d—axis and the g—axis. Then, the high-frequency impedances
Lany and Lgpy may vary with iy and ¢; currents when the machine is working under
normal operating conditions. Besides, they are multiplied by the rotor speed. Equa-
tions and can be extremely simplified if it can be assumed that wyy >>
w, , i.e., the high-frequency signal has a frequency significantly larger than the rotor
speed (e.g., wps > w, +27500) [32]. In this case, the off-diagonal terms in (4.14) can
be neglected thus simplifying and (4.16) to [4.17| and [4.18, In this case, R s
and Ry, s are obtained from the real part of the d— and g—axis currents in and

(4.18) , respectively.

g = Vang (4.17)
Rang + jwnsLany
UT
iy = any (4.18)

Rang + jwngLgny

The aforementioned assumption, wyy > w, may be realistic in SPMSMs but, in
general, it cannot be applied to IPMSMs. In this type of machines, the magnets are
buried in the rotor lamination, which means that a lower frequency can be needed
for the signal to penetrate into the rotor lamination and excite the PMs. Moreover,
IPMSMs are often designed to operate at high speeds, which places further restrictions
to the assumption that wpy > w,. It is concluded that and cannot be
generally applied to IPMSMs and and should be used instead to obtain
Rany and Rypy. This complicates the implementation, also significantly increasing the

parameter sensitivity.
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b) Magnet temperature estimation using pulse voltage injection

In [27,28] a method to estimate the magnet temperature in PMSMs by exploiting
the d—axis saturation effects in the steel stator core is developed. A voltage pulse
is applied in the d—axis while the d—axis current is being measured. It is known
that the d—axis inductance Ly depends heavily on the d—axis saturation level of
the machine which at the same time is influenced by the magnetization level of the
PMs. When a d—axis pulse voltage is injected in the stator terminals, it is possible
to detect the variation of Ly by measuring the slope of the induced d—axis current
([4.19). Hence, d(ig)/dt will change upon changes of the magnetization level of the
PMs. This will be used as indicator for the PM temperature when the magnetization

state is not influenced by other variables.

Vg — Ld— (419)

4.2 Magnet temperature estimation using d-axis
pulsating signal injection

In the previous section, the use of a rotating high-frequency voltage injection for
temperature estimation was analysed. In order to overcome the discussed limitations,

pulsating high-frequency signals (i.e. voltage and current injection) can be used.

4.2.1 Magnet temperature estimation using d—axis pulsating

current injection

This method is based on injecting a sinusoidal high-frequency current in the d—axis
of a PMSM, whether it is a SPMSM or an IPMSM, forcing the high-frequency
g—axis current to be zero . In order to control this high-frequency current, a
proportional-integral (PI) controller would not be enough as it would lead to steady
state errors. Hence, a resonant controller will be needed to be designed, in such a way

that the resulting commanded high-frequency voltages will have the form shown by
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. The voltage complex vector, vg;h ! may be defined by taking the d—axis
component of the obtained high-frequency voltage complex vector, vy, , in (4.21)).
From and (4.22), their respective positive (i, and v}, ...) and negative
sequence (ig;hfm and vg;hfm) components can be extracted, and ([£.24)), each
one having half the magnitude of the original signal. From and , the
d—axis impedance can be obtained,using either the positive or the negative sequence
components , where ¢4 is the phase of the d—axis PMSM impedance
(14.25]).

. it I;; cos(wnst)
i;Zf 0
N Vi s (Rang + jwnsLang)ig, s
Ug,’;f 0
. Vgh (Rang + jwnsLang) 15 cos(wnst)
’quhf = =
0 0
- (4.22)

Vd’;hf cos(wp st + ©zd)

0
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N YR R [ S R -
Zth = 7@thf + 76 Fnit = erithpc+lgthnc (423)

v A v _ , ,
Ug;;f _ ‘ d;hf’ eI (@hrt—¢za) + %6](_whft—tpzd) — quhfpc + quhfnc (4‘24)
Zq = Rans + jwngLany (4.25)
L
74 = tan™! (M> (4.26)
Rans

. Uglh c U:l/h nc
Zg = Rang + jwhsLany = —2hve — _dah/ (4.27)

* g
dqhfpc dghfnc

The overall d—axis resistance (4.28)) can be split into the stator and rotor contribu-
tions Rysnf(r,) and Rarnf(T,) (4.29), which depend on the stator and rotor temperatures
T, and T, respectively.

Rang = Zgcos(¢zq) (4.28)

Ranger 1) = Rashg(ry) + Rarng(r) (4.29)

Rdhf(Ts,Tr) - Rdshf(To)(1 + O‘cu<Ts - TO)) + Rd'rhf(To)(1 + amag(Tr - TO)) (430>

Figure [4-1 shows the control scheme and the signal processing block diagrams
needed for the temperature estimation when injecting a pulsating high-frequency cur-
rent. In the current feedback, a band-stop filter (BSF'1) is used with aim of preventing
the fundamental current controller to react against the injected high-frequency cur-

rent, while a band-pass filter (BPF'1) is used to isolate the high-frequency component
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Figure 4-1: Implementation of the d—axis pulsating current injection
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Figure 4-2: Signal processing for the d—axis pulsating current injection

of the overall stator current. As mentioned before, a high-frequency proportional-
resonant (PR) current controller is designed for tracking the high-frequency compo-
nent of current (4.31) with zero steady state error, being K, the proportional gain,

w = wps the resonant frequency, and ¢ the location of the zero of the controller.

(s +¢)* + w?
52 + w?

PR(s) = K, (4.31)

About the signal processing block diagram (see Fig. [4-2), their inputs consist of
the output voltage of the high-frequency resonant controller, it means the control

action of the resonant controller vy, . (4.21), the high-frequency current command
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Telgh f (4.20), the temperature in the stator T, and the stator resistance at the room
temperature Ry. The d—axis impedance Z, is estimated from the positive
sequence component of the commanded high-frequency current iy, ¢ (4.23) and the
d—axis component of the high-frequency current resonant controller output voltage
Ug;hf . In order to remove the negative sequence components, two band-stop
filters are used (BSF2 and BSF3 in Fig{-2). Finally, the magnet temperature can

be estimated by combining equations (4.28)) and (4.30)).

4.2.2 Magnet temperature estimation using d—axis

voltage injection and ¢—axis current cancellation

In the previous section, the injection of a sinusoidal high-frequency current in the
d—axis, with the g—axis one being forced to be zero was proposed. However, it is
possible to inject a high-frequency voltage in the d—axis instead of a high-frequency
current. When injecting a high-frequency voltage signal in the d—axis (4.32)), com-
bined with the application of a current cancellation strategy applied to the g—axis
, the obtained high-frequency current and voltage complex vectors, in the syn-
chronous rotor reference frame, are respectively and . If only the real part
of is taken, the resulting complex vector will be . Both and

can be expressed as two rotating signals, having each of them half the amplitude of

the original signal, with opposite rotating direction, (4.37) and (4.38]), respectively.
Then, the d—axis impedance can be obtained from (4.37)) and (4.38)) using either the

positive or the negative sequence components (4.39)).

Vgrny = Vs cos(wpyt) (4.32)
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T

Vih Vi p cos(wpft)

quhf = = (4.34)
Ughf wy Lanfigh s
; lang Ving/ (Bang + jwns Lang)
i 0
) Vih Vs cos(wprt)
/quhf - - (436)
U;”hf 0
o o |Zth| Jwn rt |Zth| —jwpst _ o o 4
laght = —o € + 5 € = lgqhfpe T ldghfne (4.37)
* V ] — V S _ ’ ’
Ughf — %ej(whft pzd) 4 %ej( whit—ozd) _ U:lthpc 4 v:lthnc (4.38)

. Ug/h c U:l/h nc
Zq = Rang + jwnsLans = foe — Aot (4.39)

7 1
dqhfpc dqhfnc

Fig. and Fig. [4-4] show the control scheme and the signal processing block
diagrams needed for the temperature estimation when injecting a pulsating high-
frequency voltage in the d—axis while applying a current cancellation strategy in
the g—axis. As well as in Fig. , a band-stop filter (BSF'1 in Fig. is used
in the fundamental current feedback control loop with aim of avoiding the current

regulator to react against the high-frequency signal. Similarly, in order to isolate the
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Figure 4-3: Implementation of the d—axis pulsating voltage injection with g—axis current
cancellation

high-frequency current, a bandpass filter (BPF'1 in Fig. is used. Eventually,
to assure that no high-frequency current circulates through the g—axis, a resonant
controller, whose reference is is used. The commanded d—axis high-frequency
voltage vy, is (4.32).

About the signal processing block diagram (see Fig. , their inputs consist of
the commanded high-frequency voltage vgj, ;, , the obtained high-frequency cur-
rent ig,, s (4.39)), the temperature in the stator T}, and the resistance at the room
temperature Ry. The d—axis impedance Z, is estimated from the positive
sequence components of the obtained high-frequency current iy, . and the
d—axis high-frequency voltage command ngthpc (4.38), which are obtained after re-
moving the negative sequence components from the overall high-frequency current

lgeny and voltage ug;hf, respectively. Finally, the magnet temperature can be esti-

mated combining equations (4.28)) and (4.30)).

Although the methods described in sections [4.1.3.3] [4.2.1] and [4.2.2], are based on

the same physical principles, there are differences in their performance that may
be significant in practice. Equation (4.40) provides the relationship between the
d—axis high-frequency voltage and current both for the case of pulsating d—axis high-

frequency current injection (4.20) and for the case of d—axis high-frequency voltage
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Figure 4-4: Signal processing for the d—axis pulsating current injection

injection, that were described in sections 4.2.1] and 4.2.2, On the other side, equation

(4.16) establishes the relationship between the d—axis high-frequency voltage and

current, for the case of a rotating high-frequency voltage injection (4.13|) described

in section [4.1.3.3] For the case of a pulsating d—axis voltage injection (4.41)), the
aforementioned relationship is given by (4.42]).

Ughy = e (4.40)
Rang + jwnsLang

N Vih iy cos(wpyt)

%
Ughs 0

Vg (Rgng + jWnsLny)

: : . (4.42)
Rang + jwnsLang)(Rng + jwngLgng) + W2 Lang Lany

ighf = (

The benefits of injecting a d—axis pulsating high-frequency current or voltage com-
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bined with a g—axis current cancellation strategy, against injecting whether a rotating
voltage or a pulsating voltage become clear after analysing the previous equations.
From it may be observed that the resistive component of the high-frequency
current (i.e., the component of the current in phase with the high-frequency voltage)
only depends on the d—axis high-frequency resistance, so that it is not affected by the
rotor speed or by the d— and g—axis inductances. On the other hand, the resistive
component of the obtained high-frequency current for the case of high-frequency volt-
age injection (either rotating , or pulsating ) given by and ,
respectively, depends on the speed and on the inductances, in a way that the sensi-

tivity of the method to the machine operating conditions raises.

4.2.3 High-frequency signal selection

Criteria for the selection of the magnitude and frequency of the injected high-

frequency signal are discussed in this section.
a) Frequency Selection

Increasing the frequency will increase the spectral separation with the fundamental
excitation frequency, making filtering easier. However, when frequency is increased,
the weight of the inductive component (undesired component) will also increase over
the resistive component (desired component) in the overall high-frequency impedance.

In principal, low frequencies would be thus preferred.
a) Magnitude Selection

Increasing the magnitude of the injected high-frequency current is helpful for im-
proving the accuracy of the method, as it increases the signal-to-noise ratio of the
measured current signals. On the contrary, increasing the magnitude of the high-
frequency current magnitude will increase the rotor and stator losses added to an

increase in the acoustic noise and vibration.
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4.3 PM temperature distribution estimation

In previous sections it was mentioned that the permanent magnets of a PMSM are
exposed to irreversible demagnetization if their temperature exceeds the maximum
one [31,133]. The demagnetization process in a PM can be partial, if the spatial
temperature distribution is not uniform [58,76] or global 58|, if the temperature
throughout the magnet is uniform. In this way, the only estimation of the average
temperature may be not enough in order to prevent demagnetization of the PMs.
Moreover, to estimate the spatial temperature distribution can be used with aim of

compensating the machine’s torque ripple.

Temperature estimation methods explained in previous sections (i.e., BEMF based

methods in section [4.1.3.2] and high-frequency resistance based methods in sections

14.1.3.3| and {4.2.1)), provide a lumped temperature, but no information about the PM

temperature spatial distribution.

In this section, the effect of a non-uniform magnet temperature distribution on the
BEMF harmonics, added to its use for magnet differential temperature estimation

issues will be analysed.

4.3.1 Temperature Estimation using BEMF

As mentioned, BEMF methods allow the estimate the magnet temperature from
the PM flux linkage (Apas), which at the same time is obtained from the machine
terminal currents and voltages. The PM flux is quite easy to obtain as long as
tgq = 0. However, whenever i; # 0 or i, # 0, the process becomes challenging. In
this case, knowledge of several machine parameters is required (i.e. d and g—axis
inductance maps with i4,), so that the parameter sensitivity of the method raises.

On the other hand, no additional signal needs to be injected.

Equation ([2.1]) shows the fundamental model of a PM machine in the synchronous
rotor reference frame. For this method, only the g—axis voltage equation (4.1 is

needed as the PM flux Apj; is only present in the g—axis equation of the machine
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Figure 4-5: One thrid of the cross section of the IPMSM used for simulations and experi-

mental results

&1).

In , it may be seen how R,s depends on the stator temperature, T, Apas is
function of the magnet temperature, 7T;., while Lgs and Ly are both of them dependent
on the rotor temperature, 7,, and on the d and g—axis currents, i4,. Hence,
can be expressed as , so that Apy; may be obtained following equation .
Assuming that iq, = 0, the PM flux can be obtained from . The variation of the
PM flux with the magnet temperature can be expressed as , being T, the room
temperature and [ the magnet flux thermal coefficient. Eventually, using the
magnet temperature, T}, can be obtained. However, as in the high-frequency signal
injection methods, the estimated temperature is a lumped one, so that it does not

provide any information about its spatial distribution.

[H]Tr ==

1 |:)\PM(TT)
g

_ 1] T (4.43)
APM(Ty)

4.3.2 Estimation of the magnet temperature distribution

Fig. shows the IPMSM design used in both for simulation and experimen-
tal verification. The machine has 36 slots and 6 poles, and is equipped with NdFeB
magnets (N-42SH). Fig. [4-6(a)| and Fig. 4-6(b)| show the uniform and non-uniform
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Figure 4-6: Magnet temperature distribution \|

temperature profiles considered, respectively . For the non-uniform temperature dis-
tribution, a quadratic law was found to adequately fit with the temperature
distribution experimentally measured. The PM dimensions in (4.44)) are indicated
in Fig. [4-6f where T}, T and T, are the minimum, maximum and mean PM

temperature respectively, and P Mepg, is the permanent magnet length.

Toin — 1,
Traonet = mim | Tmar xe2 Tvaw =
gnet (PMlength/2)2

T . —T T T .
min max X2 T,r, max min
(P Mingin/2)? +< T )

(4.44)

Magnet temperature distribution may be obtained using (4.44). To do so, the
mean PM temperature T, and the differential PM temperature T,,,;,~1},. need to be

estimated. Then, the different methods that allow this are shown.

4.3.3 Estimation of the mean magnet temperature

This section analyses how the mean PM temperature estimation using both BEMF
(4.43) and a pulsating d—axis high-frequency current signal injection are evaluated

135]. Uniform and non-uniform temperature distribution cases are discussed. Finite

94



element analysis (FEA) are used for the analysis. Table shows the temperature
profiles that were used for simulation. In Fig. the FF'T of the BEMF for both
the case of a uniform and a non-uniform magnet temperature distributions can be
observed (see Table [4.3). The results are normalized in per unit (p.u.) with respect
to the 1% harmonic of the BEMF. A logarithmic scale is used for the magnitudes.
While the harmonic content is the same for uniform and non-uniform temperature
distributions, differences in the harmonic magnitudes can be appreciated. Three

components of interest are observed: w,, 13w, and —11w, harmonics [77].

Table 4.3: Case of study for different temperature distribution conditions |77]

Clases Uniform Magnet Non-uniform Magnet
temperature distribution temperature distribution
7,(°C) Taz(°C) | Tinin(°C) | T,(°C)

1 100 100 100 100
2 90 100 90 94
3 80 100 80 88
4 70 100 70 82
5 60 100 60 76
6 50 100 50 70
7 - 100 40 64
8 - 100 30 58

Fig. shows how the magnitude of the 1% harmonic of the BEMF (component at
wy, D0Hz), which corresponds to vy in , varies with the mean magnet temperature,
T, (see Table [4.3). As predicted by (4.5)-(4.4), magnitude decreases as well as the
mean magnet temperature increases. It is observed that independently of the magnet
temperature distribution (uniform or not uniform), the same BEMF magnitude is
induced. Hence, it may be concluded that the 1 harmonic of the BEMF does not
provide any information about the magnet temperature distribution. However, it can

be used for mean PM temperature estimation.
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Figure 4-7: BEMF frequency spectrum w, = 2750 rad/s .
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Figure 4-8: Fundamental component of the BEMF vs. mean magnet temperature. I;=
I,=0 p.u. and w, = 2750 rad/s .

Fig. @ shows the estimation of the rotor d—axis high-frequency resistance, R, ¢
(T}) (4.30), when injecting a pulsating d—axis high-frequency current, for the cases of
a uniform and a non-uniform magnet temperature distribution. It is observed that its
magnitude decreases as well as the mean magnet temperature decreases (see equation
(4.30). It is also seen that the variation of the estimated d—axis high-frequency

resistance with the mean PM temperature is higher for the non-uniform magnet
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Figure 4-9: Estimated d—axis high-frequency resistance. Pulsating d—axis high frequency
current injection, wyy = 27250 rad/s, 1,y=0.05 pu. Iy= I,=0 p.u. and w, = 2750 rad/s
[77].

temperature distribution case, compared to the uniform temperature distribution
case. This means that different PM temperatures would be estimated for the same
PM high-frequency resistance, so that an error would be thus induced in the estimated
temperature. This variation could be potentially used with aim of estimating the

differential magnet temperature 7),;,-Tmqz- This is an ongoing research topic.

4.3.4 Differential magnet temperature estimation

This subsection is devoted to analyse the differential PM temperature estimation
using the BEMF harmonics. Simulation details are the same as the ones for mean
PM temperature estimation. In Fig. [4-7] it may be seen the frequency spectrum of
the BEMF, where three components of interest are observed: w,, 13w, and -11w,. As
it was analysed in the previous subsection, the component at w, does not provide any
information of the differential PM temperature; however, it can be used to estimate
the mean PM temperature. On the other hand, 13w, and -1lw, harmonics can be

used for PM differential temperature estimation. This will be analysed following.

Fig. shows the magnitude of the BEMF 13" harmonic (see Fig. [4-7)),
depending on the mean magnet temperature, while Fig. shows the same
harmonic as a function of the BEMF’s fundamental component. The p.u. value
of the 13" respect to the fundamental component of the BEMF is shown in both

cases. This normalization is carried out in order to compensate the effects of the
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average temperature variation. From Fig. [4-10, it may be seen that for the case
of a uniform magnet temperature distribution, the relative magnitude of the 13
harmonic is almost insensitive to the variations of the mean magnet temperature and
of the fundamental component of the BEMF. On the other side, it is observed that
the 13" harmonic magnitude raises with the mean magnet temperature for the case
of the non-uniform magnet temperature distribution, as well as with the magnitude
of the BEMF’s fundamental component. As a consequence, the p.u. value of the
13" harmonic decreases as T)uqz-Timin increases. As different behaviors of the 13"
harmonic are obtained for the case of a uniform and a non-uniform temperature
distribution, it can be potentially used to estimate the differential temperature due

to a non-uniform magnet temperature distribution.

Fig. shows the 13" harmonic component magnitude vs. the differential mag-
net temperature, i.e. T},42-Tmin, for the case of non-uniform temperature distribution.
It can be observed that the magnitude varies almost linearly with the differential tem-
perature. This relationship can be used to estimate T},,.-Tmin, Which combined with
the mean PM temperature, 7T, allows to obtain an estimation of the magnet tem-
perature distribution from . As shown before, T, can be estimated either by
injecting a high-frequency signal (see Fig. [4-9), or from the fundamental component
of the BEMF (see Fig. and ) It may be observed that although the 13
harmonic of the BEMF has been used in the previous discussion, the 11 harmonic
seems to have a similar behavior. Although higher order harmonics could be also used,
the magnitude of the voltage harmonic decreases with the harmonic order. Then, the

signal-to-noise ratio is reduced, thus compromising the accuracy of the method.
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Chapter 5

Simulations

Prior to experimental testing, it is advisable to check in simulation the correct
implementation of the desired control technique as well as a suitable performance
of the machine under that control strategy. With this aim, Matlab and Simulink
are going to be used. First, the model of the DT-IPMSM must be included in the
simulation. The closer the simulation model gets to the real machine, the more similar
will be the obtained results to the experimental ones. Thus, the Simulink model of
the machine will be carried out following the dynamic model described in section
[2.2.2] Likewise, to implement the control strategy in the simulation in a similar way
that it will be done in the microcontroller for the experimental tests will facilitate
the transition from simulation to reality. Fig. shows how the simulation looks
in the Simulink interface. First, the inverter is fed with a DC voltage source. Then,
the six phases of the inverter are connected to the machine. Inside the model of
the machine, each phase will have a current source connected in series, being them
connected building two stars. In addition, the phase voltages are measured. Applying
and the synchronous reference frame voltages of both three-phase systems
are obtained. Then, and build the electrical model of the machine and
allow to compute the synchronous reference frame currents. Next, the synchronous
currents are transformed to abc — def coordinates, , , so that the phase

currents are obtained. These phase currents will drive the previously mentioned
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current sources. Finally, torque will be calculated with (2.7). About the mechanical
model of the machine, speed will be fixed by a load machine so that DT-IPMSM
angle will be simply computed integrating this speed ([2.14)).

About the control scheme, C-Caller block allows to implement the control strategy
in C-code as well as will be done in Code Composer Studio for the experimental tests.
Inputs to the C-Caller block are the analog measurements, as well as the created input
variables in the real implementation. The outputs of this block are the six PWM duty
cycles. Then, the PWM signals are created, and the same dead-time (DT) that in

the real implementation is included.

DC/AC INVERTER

— = —

||||| Merocootrater

Figure 5-1: Simulink interface of the machine’s control simulation

5.1 Simulation of FTC-WCSM

In this section, the simulation results of the fault-tolerant control strategy based

on winding compensation through machine equations are included. The control tech-

102



nique is explained on section [3.7] and the schematic is shown in Fig.

In this simulation, initially no fault will be included to test the current control in
healthy situation. Then, an open-phase fault in phase A will be simulated to test the

performance of the fault-tolerant control strategy. The initial conditions will be:

o
iy, =iy, = 0A

o o=1 =4A
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Figure 5-2: Simulation results when applying the FTC-WCSM under an open-phase fault

The rotating speed will be fixed in 200 rpm. Low speeds allow low current pul-
sations when disconnecting a phase, so that inverse-sequence PI controllers are not
needed to track the current references in faulty operation. Then, in ¢t = 0.5s the

g—axis current reference is varied from 4A to 2A. After that, in t = 1s, phase A
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is disconnected to simulate the open-phase fault. Finally, at ¢ = 1.5s the healthy

operation is recovered.

Fig. shows the obtained results in the simulation. First, the correct perfor-
mance of the current control strategy during healthy operation is checked, as the
current reference variations are correctly tracked. Then, when phase A is discon-
nected (t = 1.5s), the d— and g—axis currents in the first three-phase winding begin
to suffer oscillations at twice the rotating frequency. Then, the current references of
the healthy three-phase winding are varied in order to compensate the error in the
faulty one. Therefore, as seen in the bottom plot, the total d— and g—axis currents
are kept constant despite the open-circuit fault. This will lead to negligible torque
pulsations despite the fault, which at the end is the main goal of a fault-tolerant

control technique.

5.2 Simulation of FTC-VSD

Another fault-tolerant control method that was analysed in chapter 3| was the one
based on vector space decomposition (FTC-VSD). The method is explained in section
[3.3l In this case, the control strategy does not distinguish between two three-phase
systems but it analyses the six phase windings as a single dgq system. In order to
analyse all possible faults, matrices Ts, and Ty,' are calculated for all possible faults
as well as for the healthy operation. Now, the matrices are built for a phase shift
between three-phase sets of 60° to be the same than the studied DT-IPMSM (see Fig.
. Depending on the machine state (healthy operation or open-phase operation),
rotations from synchronous to stationary reference frame and vice versa are made
with the corresponding matrices. In this way, the simulation will begin in healthy
operation with 7; = 15A. Then, in ¢ = 0.25s phase A is open to test the fault-tolerant
operation. After 0.1 seconds, the healthy operation will be recovered. From this
point the fault-tolerant operation under open-circuit faults in the remaining phases

is checked.
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Fig. shows the obtained results.

It may be seen that when the fault occurs,

the harmonic current component, I,; is no longer null (compensate the error), but

the d— and g—axis components of current, responsible of creating torque are kept

constant. However, as seen in ¢ = 0.75s, in some situations the transition from one

transformation matrix to another (going from one operation state to another) can be

aggressive so that the d— and g—axis currents can suffer a strong transient. In any

case, the suitable operation is recovered relatively fast.
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5.3 Simulation of the PM temperature estimation
method based on a d—axis high-frequency pul-

sating current signal injection

Before implementing it on the experimental test-bench, PM temperature estima-
tion based on d—axis pulsating current signal injection is tested in Matlab/Simulink.
The method is explained in section [£.2.1] Fig. shows the block diagram of the
control scheme for the proposed method. To bring the simulation as close as possible
to reality, the control is implemented in C-code as well as will be done in the micro-
controller. To simulate the temperature variation in the machine, the following steps

are followed:
e The simulation will be run several times for different rotor temperatures.

e The stator temperature will be kept constant and equal to the room temperature
(25°C).

e The value of the machine’s resistance in the dynamic model of the machine (see
(2.5) and (2.6))) is varied each time the simulation is run attending to the new

rotor temperature following (4.10). In the same way, the PM flux linkage will
be varied following (4.4]). This is done to simulate the machine’s heating.

e Then, following the process in Fig. temperature can be estimated from the

machine’s measured voltages and currents.

Simulation is carried out commanding 5A for both g—axis currents and OA for
both fundamental d—axis currents. Then, a pulsating high-frequency current signal
is commanded in the d — axis. The amplitude of the signal is 0.5A, while its fre-
quency will consist of 500 Hz. Temperature variations for the different simulations
are introduced following the heating curve of a PMSM seen in [78]. Fig. shows
the estimated and measured (values introduced in the simulation as inputs) values

for the high-frequency resistance and rotor temperature.

It can be seen that the estimated machine’s resistance always has an offset. Es-
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Figure 5-4: Measured and estimated machine’s resistance and rotor temperature when
applying the described method

timations below the real value are always obtained. Hence, when calculating the
estimated rotor temperature, it can be seen that the error in the estimation of the

resistance is also moved to the temperature estimation.

After analysing the simulation, it was found that this offset might come from the
calculation of the d—axis current from the d—axis voltage following the electrical
model in . It can be seen that to calculate the current, an integration must
be carried out. Mathematically, this integration introduces a delay in the calculated
current respect to the d—axis voltage. Further research must be done to justify this
assumption. In any case, this error is due to mathematical issues of the simulation

that will not appear in the real implementation.
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Chapter 6

Experimental Tests

This chapter is devoted to describe the experimental tests carried out during the
development of this Master Thesis. First, the proposed FTC technique was assessed.

Then, one of the explained temperature estimation methodologies was also tested.

6.1 Experimental testing of FTC-WCSM

In this section the experimental testing of the proposed fault-tolerant control strat-
egy (see section is analysed. The different elements that build the test-bench
used for the mentioned experimental tests are mentioned and developed in depth in
Appendix [A] In order to make the disconnection of one of the phases to test the
fault-tolerant capability of the control strategy, additional hardware is incorporated
as explained in section [A.4.5] The followed steps will be similar to the ones carried
out in simulation (see section . Initially, the three-phase load machine will fix
the rotating speed in 200 rpm. As well as in simulation, the test will be done at low
speed to avoid the dg—axis current pulsations when disconnecting a phase to have
a high-frequency. As in this initial tests no inverse-sequence PI controllers are used,
high speeds would lead to high-frequency pulsations that could not be tracked by the
direct-sequence PI current controllers. At the beginning, 0 dg—axis current is com-

manded. Then, the g—axis current reference of both three-phase windings is raised
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to 2A, while the d—axis ones are kept in 0A. After that, phase A is disconnected.
The machine continues working in faulty operation. Finally, phase A is reconnected
and the healthy operation is recovered. Fig. [6-1] shows the effects in current of the

mentioned variations in the machine’s control. It can be seen that at the beginning,
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Figure 6-1: Phase, dqi, dgo and total dg currents under variations in the machine operating
conditions

the 2A g—axis current command is correctly followed. Then, when the phase dis-
connection occurs, the d— and g—axis currents of the first three-phase winding start
to suffer pulsations. In that moment, the fault-tolerant control strategy is activated
so that the current references in the second three-phase winding are varied in order
to have current pulsations counteracting the ones caused by the fault in the first
three-phase winding. This will imply phase currents to have higher amplitudes that
the initial ones. Finally, a constant total dg—axis current is obtained as seen in the
bottom plot of Fig. [6-1} This will allow to avoid torque pulsations in the machine
despite the fault. Fig. shows the key transitions of Fig. [6-1]in an enlarged form.
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From left to right, the enlarged transitions are: g—axis command variation from 0 to

2A, open-circuit fault, and return to the healthy operation.

Phase Currents b
~ 5
<
= 4 RO
“ s
215 22 225 23 89 895 9 9.05
dq Currents, Three-Phase Winding 1
~ 6 6 6 }
< 4 4 Jk 4 \ di
g2 e 2 p—- - / / 2 f\, N Iql
E 0 f——— ] 0 0 ]
O -2 2 2
4 -4 -4
2,15 22 225 23 89 895 9 9.05 18.5 18.55 18.6 18.65
dq Currents, Three-Phase Winding 2
—~ 6 6 6 — 1
< 4 4 4 4
ey /\ [\ 1
g 2 T 2 i 20 [T 2
E 0y 0 0
32 2 ' 2
4 -4 -4
2,15 22 225 23 89 895 9 9.05 18.5 18.55 18.6 18.65
Total dq Currents
~ 8 8 8 — 1
< 6 6 6 L dr
Z 4 Pt 4 »WJ\J‘UIV“\,/\/\/AJ'\/ 4 \/‘\/‘/\/\//\)\//\J N B T
£ B ] b ]
Q -2 -2 -2
4 4 4
2,15 22 225 23 89 895 9 9.05 18.5 18.55 18.6 18.65
Time(s) Time(s) Time(s)

Figure 6-2: Enlarged transitions in the phase, dq;, dgo and total dg currents under variations
in the machine operating conditions

However, as seen in the bottom plot of Fig. and Fig. [6-2, when the fault
occurs, the total g—axis current remains practically constant but the ripple is slightly
increased. This can be due to the fact that a PI controller is used to track an ac
current, so that reference tracking might not be good enough. This is analysed in
Fig. It can be seen that initially the current references of both three-phase
systems are equal. When the fault occurs, the first dq system can not continue
tracking the reference. Then, the current reference in the second dg system is varied
to counteract the error in the first one. In principle, this references are correctly
followed. However, it can be seen that there is a small error in the peaks of the
sine waves. This error leads to the increase in the dg—axis current ripple when the

fault occurs. As aforementioned, this error might be attenuated by adding an inverse
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sequence PI controller when going into fault operation in parallel with the direct
sequence one. A proportional-resonant (PR) controller could be another option. PR
controllers must be tuned for tracking an ac current with certain frequency. However,
the frequency of the current pulsations when disconnecting a phase vary depending
on the rotor speed, which make the implementation not practical. This will be framed

as a future work.
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Figure 6-3: Analysis of the PI controllers reference tracking during faulty operation
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6.2 Experimental testing of the PM temperature
estimation method based on d-axis pulsating
current signal injection

After testing the performance of the proposed F'T control technique in the experi-
mental test-bench, the other objective of this Master Thesis consists of applying one
of the described PM temperature estimation methods. PM temperature estimation
will be tested by injecting a pulsating HF signal in the d-axis (see section [{.2.1)).
Fig. shows the block diagram of the applied control method. A proportional
resonant (PR) controller is used for controlling the injected high-frequency current
signal. In addition, Fig. shows how the obtained signals must be processed in
order to obtain suitable results. In (4.30)), it can be seen how the method requires
previous information of both the stator and rotor resistances at room temperature.
The estimation of the mentioned parameters is developed in[A.4.4 Added to the re-
sistances values, information about the stator temperature is required. Hence, eight
thermocouples are connected in different points of the stator. Table [6.1] shows the
corresponding coil (see Fig. in which each thermocouple is connected. T;; stands
for the cold junction measured temperature, which is the room temperature, Ty. It

can be seen that more than one thermocouple is located in a single coil.

Table 6.1: Stator Thermocouples

Tc j Ts 1 T52 T83 Ts4 TS5 T86 Ts? TSS
Ty 11(a) 11(b) 17(a) 2(a) 17(b) 2(b) 2(c) 17(c)

Moreover, in order to measure the rotor temperature while the test is being carried
out, a thermocouple is connected to one of the permanent magnets. This thermo-
couple will be rotating with the rotor. Hence, measurements can not be read in a
computer through wires. In this way, thermocouples are connected to a PCB in which
the measurements are sent to a computer via Wi-Fi. Fig. [6-4f(a) shows the support
coupled to the motor shaft in order to locate the PCB. In Fig. [6-4|(b) it can be seen
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the mentioned PCB. Finally, Fig. (c) shows the PCB coupled to the rotor shaft
through the support.

(@ (b) (©

Figure 6-4: Placement of the PCB that sends the rotor temperature measurements to the
computer via Wi-Fi

Once the experimental set-up is fully prepared, the experimental test is carried out.
Both g—axis current references will be fixed in 5A, while the fundamental d—axis ones
will be 0A. In addition a d—axis high-frequency signal will be injected in both three-
phase sets. The amplitude of this signal will be 0.5A while its frequency will consist
of 500 Hz. This frequency is selected to have a large spectral distance between the
fundamental and the HF components. The rotating speed of the rotor will be fixed
in 200 rpm. As Fig. shows, the duration of the test was close to six hours so that
the stator reached almost 70°C in certain points while the PM ended up at 60°C.
During the test, the battery that feeds the Wi-Fi PCB was discharged and had to be
replaced. At that time the machine got cold as seen between hours 3 and 4 in Fig.

Throughout the test, phase current and phase to phase voltage measurements were
taken at the following rotor temperatures: 23° (room temperature), 40°C and 50°
before cooling. After that, measurements were taken at 45°C, 50°C, 55°C and 60°C.
Then, the signal processing seen in Fig. [4-2] is followed to obtain the high-frequency
resistance. Figs. (al), (bl) and (cl) show the estimated high-frequency d—axis
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Figure 6-5: Evolution of the stator and rotor temperature during the PM temperature
estimation test

resistance, inductance as well as the impedance angle before cooling respectively,
depending on the rotor temperature. Figs. (a2), (b2) and (c2) show the estimated
high-frequency d—axis resistance, inductance as well as the impedance angle after

cooling respectively, depending on the rotor temperature.

It can be seen how despite the rotor temperature increases, the variation of the high-
frequency resistance is not proportional to the temperature variation as was expected.
Moreover, the variations are larger than expected. Hence, bad temperature estimation
results will be obtained. However, the obtained poor results can be explained, as
several important aspects have not being covered during the experimental testing.
Following, the aforementioned facets that have not been considered, and have a crucial

effect in the PM temperature estimation process are summarized.

First, in Fig. [6-6)(cl) and (c2) it can be seen how the angle of the estimated

impedance is always close to 90° during the test. This means that the resistive
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Figure 6-6: Estimated HF resistance (al-a2), inductance (b1-b2) and impedance angle (c1-
c2) after and before cooling

component is very low compared to the inductive reactance. The machine has become
very inductive. Then, any small error during measurement (e.g. electromagnetic
noise) will have a huge effect in the estimated resistance but a low one in the reactance.
This explains why the estimated resistance varies so much from a measurement to
another when the temperature variation is low. This error can be mitigated by
reducing the frequency of the injected HF signal. As lower the frequency of the
injected signal, as higher the weight of the resistance in the machine’s impedance,

and lower the one of the reactance.

Another aspect to take into account is related with the stator measured tempera-
ture. In Fig. [6-5]it can be seen how the stator temperature varies a lot depending

on the point on which the thermocouple is placed. For instance, when heating the
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machine the temperature of a coil will not be homogeneous for the whole coil. Then,
when estimating the temperature the introduced stator temperature in (4.30) will
lead to errors. Hence, it is advisable to take the measurements during machine’s
cooling. As seen in Fig. [6-5], during cooling, the different measured points have a

more homogeneous temperature value than when heating the machine.

Finally, it is possible that during the test the estimated HF resistance was not
considering the rotor one. Current flowing through the machine windings create
a variable magnetic field. The interaction of these magnetic fields with the rotor
promotes the flow of Eddy currents [79,80] through the rotor lamination. In addition,
due to the injection of a high-frequency current, skin effect will promote Eddy currents
to circulate through the surface of the rotor. Then, following Faradays’s cage theory,
Eddy currents will generate a magnetic field that will oppose the stator one. This
will promote the creation of a ‘shield’. This ‘shield’ will block the interaction of the
stator and rotor magnetic field. This effect is positive when the machine is working
at low frequencies since the shield will not block the interaction of the fundamental
components of the stator and rotor fields, but it will block the interaction of high-
frequency harmonics. This is one of the advantages of IPMSMs respect to SPMSMs.
However, as higher the injected frequency, Eddy currents will flow closer to the surface
of the rotor and thus, the interaction of rotor and stator fields will be more limited.

Fig. represents this effect.

STATOR FIELD
\ EDDY CURRENTS AND

CREATED FIELD

&
&
’f

Figure 6-7: PMSM cross section, highlighting the effect of Eddy currents
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Summarizing, there are several aspects that have not being covered during the
development of this experimental test. Some of these facets have been just described.
That’s where poor results come in. Results for both dg—systems are pretty much
the same. Further research is required to optimize the realization of the tests so that

better results can be obtained.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The present Master Thesis focuses on the study of fault-tolerant control (FTC)
strategies for multi-phase PMSMs as well as PM temperature estimation methods.

Chapter |2 introduces the dynamic model of a multi-phase PMSM:

e An in-depth analysis of multi-phase machines has been done. Non-three-phase
series type (five-phase, seven-phase, eleven-phase, etc.) and three-phase series
type can be distinguished. These last ones can be divided in non-multi three-
phase (six-phase, nine-phase, etc.) and multi-three-phase machines (dual three-
phase, triple three-phase, etc.). Multi-three-phase machines are advantageous

as conventional three-phase machine’s theory can be applied.

e The dynamic model of a multi-phase machine has been developed to be simu-
lated in Simulink. This allows to integrate the machine’s control in the simu-
lation. From the phase to phase voltage measurements, the phase currents are
obtained by applying the electrical model of the machine. Then, current sources

are used to set the value of the phase currents in the previously calculated one.

Chapter 3| describes some of the FTC methods present in literature. In addition, a

novel fault-tolerant control technique is proposed.
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e After analysing the most significant FTC techniques in literature, it is found
that: Methods based on the instantaneous power balance theory require to
use hysteresis controllers to track current references. Online implementation is
limited to SPMSMs. Strategies based on vector spaced decomposition-based
space vector modulation (VSD-based SVM) require offline implementation of
transformation matrices. Compensating a fault in a three-phase winding with a
healthy one allows online implementation while controlling currents in the syn-
chronous reference frame. Finally, neutral connection to the DC-link provides
more possibilities in terms of F'T' controlability, while increasing the complexity

of the control.

e This Master Thesis proposes a fault-tolerant control technique for multi-phase
machines with isolated neutral points. This method is based on compensating
the current harmonics in the faulty three-phase winding by modifying the con-
trol strategy in the healthy sets. In this case, the current reference variation
is carried out based on the current measurements. Constant torque and equal
to the pre-fault one during fault operation is achieved. Precise current sensors
are required. Implementation of negative-sequence PI controllers is advisable
in order to track ac current references. The technique is limited to multi-three

machines, and a perfectly healthy winding is required.

Chapter [ focuses on the study of PM temperature estimation methods. After
introducing PM temperature estimation techniques using thermal models, and meth-
ods based on the BEMF, two PM temperature estimation methods based on high-

frequency signal injection are mainly analysed:

e The first technique is based on the injection of a pulsating d—axis high-frequency
current signal. This method provides a lumped estimation of the PM tempera-
ture, i.e. it provides an averaged PM temperature. The limitations of rotating
high-frequency voltage injection methods, such as the sensitivity to the machine

speed and to L, and L, changes are overcome.

e The second technique is intended for PM temperature distribution estimation,
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which is obtained from the mean and differential PM temperature. Differential
magnet temperature estimation is based on the modification of the harmonic
content of the BEMF, due to the changes produced in PM flux linkage between
the rotor and the stator, by a non-uniform temperature profile in the mag-
net. As any parameter estimation method based on BEMF, it cannot operate
at low/zero speed. Mean PM temperature can be estimated using either the
fundamental component of the BEMF or injecting a pulsating d—axis high-

frequency current signal and measuring the d—axis high-frequency resistance.

Chapter [p| is dedicated to test in simulation (Matlab/Simulink) some of the de-

scribed control strategies as well as PM temperature estimation methods:

e First, the proposed fault-tolerant control technique is tested in Simulink after
creating the model of the studied DT-IPMSM. Control is implemented with
C-code as well as done in the real implementation. The test is carried out at
low speed as well as reduced current levels to avoid the need of using dual PI
controllers in order to track ac current references when an open-circuit fault
occurs. Results show that in the moment that a phase is open, the current ref-
erences in the healthy three-phase set are varied in a way that the total d— and
g—axis currents are kept constant despite the fault. It is found that the method
has an acceptable performance. However, implementation of inverse-sequence
PI controllers will be necessary to improve the current reference tracking when

increasing current and rotating speed.

e Fault-tolerant control based on VSD is also tested in simulation. A single open-
phase fault is assessed for each phase. It is found that, when a fault occurs,
the harmonic component z1 is not zero any more, but the d— and g¢—axis
currents are kept constant so that torque pulsations are removed despite the
fault. Good performance is obtained. However, the performance of the method
does not improve the one of the proposed technique while the implementation

complexity raises.

e When simulating the PM temperature estimation method based on the injection
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of a d—axis HF signal, it is found that the estimation presents always an offset
respect to the real temperature value. This offset might be produced due to the
delay promoted by the integration during current calculation. Further research
is required to solve this issue. In any case, this is a mathematical problem that

will not affect the real implementation of the method.

Chapter [6] explains the experimental tests that were carried out in the test-bench
to assess the proposed FT control strategy as well as one PM temperature estimation

method:

e The proposed fault-tolerant control strategy was tested in the experimental
test-bench. In order to carry out the disconnection of one of the phases to
emulate the open-phase fault, a contactor driven by a programmable relay is
incorporated. As well as in simulation, the test was carried out at low-speed
and with low currents in order to avoid the need of using negative-sequence
PI controllers. Similar results to the simulation ones are obtained. Current
compensation is carried out successfully. Implementation of inverse-sequence
PI controllers is required to keep the performance of the method with larger

current and speed levels.

e When carrying out the simulated PM temperature estimation method in the
test-bench, poor results are obtained. Estimated high-frequency resistances do
not follow the temperature tendency. Large value of the inductive component of
the high-frequency impedance compared to the resistive one, non-homogeneous
stator temperatures, and creation of Eddy currents in the rotor lamination
are some of the reasons why the method did not work. It is analysed that
the reduction of the injected signal’s frequency, as well as voltage and current
measurement during machine’s cooling instead of heating might improve the

performance of the method.
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7.2 Future Work

Added to the research work covered in this document, more aspects can be included

in future following the research line of this Master Thesis.

e As already mentioned throughout the document, negative-sequence PI con-
trollers must be added to the control scheme of the proposed FT control tech-

nique to improve the performance of the method.

e The implementation in the test-bench of different fault-tolerant control strate-
gies will allow to compare their performances for the same machine, so that

better conclusions can be achieved.

e Apply all the aspects that have not being considered during the experimental
tests related with the PM temperature estimation, so that better results can be

reached.

e Study the possibilities offered by the fact of having two dq systems in the DT-
[PMSM regarding the injection of high-frequency signals for estimating temper-

ature or even torque.

e Development of permanent magnet temperature estimation techniques under

faulty working conditions.

e Integration of the machine thermal estimation in the machine control strategy

to improve the robustness and fault tolerance of the drive.

e Added to temperature, implement PM magnetization state (MS) estimation

techniques.
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Appendix A

Development of the test-bench

Chapter [6] presented the experimental tests that were carried out during the devel-

opment of this Master Thesis as well as the obtained results. This appendix will be

devoted to describe the different steps that were done before achieving the desired

performance of the test-bench. Fig. shows the main elements that build the

test-bench, which are:

The dual three-phase interior permanent magnet synchronous machine (DT-

IPMSM).

A three-phase IPMSM shaft-connected to the DT-IPMSM to fix the rotating
speed.

A three-phase inverter for driving the three-phase IPMSM.
Two three-phase inverters (six-phase inverter) for driving the DT-IPMSM.
A three-phase rectifier that feeds the DC-link of the inverters.

A three-phase transformer used for raising the grid voltage that feeds the three-

phase rectifier.

Two computers that control the three-phase IPMSM’s inverter and the DT-

IPMSM’s ones respectively.

Each inverter is driven by two PCBs (Printed Circuit Boards): the control PCB,
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Figure A-1: Scheme of the test-bench main elements

and the power PCB. In section the functioning of the different PCBs is analysed.

A.1 PCB Analysis

A.1.1 Control PCB

The control PCB is in charge of reading the analog measurements, in order to allow
the digital signal processor (DSP) to make the analog to digital conversion. Then, the
microcontroller applies the designed control strategy to finally send the gate signals
to the power PCB. The utilized DSP is the TMS320F28335 (Texas Instruments),
while Code Composer Studio v9 (CCS) is the software used for reading the ADC
measurements and generate adequate PWM signals through the designed control
strategy. There are two control PCBs, one for the three-phase inverter that runs the
three-phase IPMSM and another for running the six-phase inverter (two three-phase

ones) that drives the DT-IPMSM. Most important elements of the mentioned PCB
are highlighted in Fig. [A-2]
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Figure A-2: Control PCB main parts

A.1.1.1 Filtering Stage

The filtering stage of the control PCB is basically an adaptation stage that allows
to move the analog sensed measurements to the ranges allowed by the DSP. Hence,
as seen in Fig. seven filtering stages can be distinguished (six for each phase
current measurement, and another for the DC-link voltage measurement). The first
part of each filter uses a measurement resistance for adapting the current provided
by the sensors to the corresponding voltage that will be read by the microcontroller
ADC [0-3V]. The second part is a second order multiple feedback Bessel filter of 3.5
kHz, gain 1 and phase-shift of 180° that acts as anti-aliasing filter. The circuit was
sized following and at the output it has a zener-diode in order to protect the

microcontroller if the filter fails.

A.1.1.2 PWDM optical fiber emitters

Communications through optical fiber allow to reduce noise compared with usual
wires. Hence, the PWM signals generated by the DSP are sent to the power PCB
through optical fiber. Optical fiber emitters are used to convert an electrical signal

into a corresponding light signal that can be injected into the fiber.
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A.1.1.3 Error signal optical fiber receivers

As well as the PWM signals, the error signals provided by the IGBT module are
also transmitted to the control PCB through optical fiber. Optical fiber receivers are
used to perform the actual reception of the optical signal and convert it into electrical

pulses.

A.1.1.4 Encoder Reading

This part of the control PCB is used to read the different signals that the incre-
mental encoder provides (see section |A.4.1)).

A.1.2 Power PCB

The main goal of the power PCB is to read the PWM signals sent by the control
PCB, and adapt their voltages values to the ones required by the inverter IGBTs. In
addition, the power PCB incorporates a DC-link voltage sensor, whose measurement
is sent to the control PCB. Each three-phase inverter has a power PCB that drives
the IGBTSs voltages. Fig. shows the most important parts of the power PCB.

PWM SIGNALS’
OPTICAL FIBER
RECEIVERS
OPTOCOUPLERS

IGBT MODULE

VOLTAGE S A
SENSOR DC POWER SUPPLY

Figure A-3: Power PCB main parts
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A.1.2.1 PWDM signal optical fiber receivers

In the power PCB, optical fiber receivers are used to get the signals provided by
the DSP in the control PCB through optical fiber.

A.1.2.2 Error signal optical fiber emitter

When the IGBT module generates an error signal, this one will be sent to the

control PCB through optical fiber in order to allow the DSP to read this error.

A.1.2.3 Driver

The driver is in charge of sending suitable PWM signals to the IGBT’s gates. Once
the PWM signal is received, it is sent to optocouplers. Optocouplers are electronic
components that interconnect two separate electrical circuits by means of a light
sensitive optical interface. In this way, electrical isolation is provided. Finally, the
optocoupler outputs are sent to each IGBT gate. Isolated DC/DC converters are

used for feeding the electronic devices of the power PCB.

A.1.2.4 Voltage Sensor

The voltage sensor is in charge of reading the DC link voltage. Voltage is measured
in an suitable-designed measurement resistance available in a test-point of the power
PCB. This test-point is connected to the voltage measurement’s filter in the control

PCB through a wire.

A.2 Converter tests

In this section the initial tests and control strategies that were developed to check
the correct performance of the converter are defined. First, the implemented control
strategies were tested with a RL load. Once the control techniques were checked to

have a correct performance, the DT-IPMSM substituted the load.
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A.2.1 Converter test with a RL load

In a first approach, in order to avoid damaging the DT-IPMSM when the inverter
control was initially tested, a RL load was connected to the six-phase inverter. Two
three-phase RL loads are connected to both three-phase inverters building two star
connections. The load values are R = 56 (2 and L = 1.283 mH. The DC-link of the
inverter is fed by a 30V DC voltage source. Two control techniques are applied to

the inverter: Volts/Hertz control (V/Hz) and current control.

A.2.1.1 Volts/Hertz Control (V/Hz)

Volts/Hertz control is an open loop control, so that it allows sensorless regulation.
However, as there is no feedback loop, the system loses dynamic performance. The
input of the control is the electric frequency, which is obtained according to the wanted

synchronous speed:

Wy P

fs = =40 (A1)

being w,,, the rotor synchronous speed, P the machine number of pole pairs, and f
the electric frequency. The voltage is set in order to keep the stator flux constant.

The RMS value of the induced voltage in AC motors is given by:
Ef = ﬁfstkw¢ (AZ)

Where Ey is the RMS value of the induced voltage, NN, is the stator coil turns of wire,
¢ the flux passing through a coil, and k,, is a geometry constant. If the voltage drop
caused by the resistance of the stator is neglected and steady conditions are assumed,

the magnetic flux can be written as:

_ ‘/sph _ C‘/sph
ﬁfstkw fS

¢
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As a consequence, in order to maintain the stator flux constant at its rated value the

voltage-to-frequency ratio should be kept constant. If the stator flux is over its rated

value the motor will be overexcited [82,83]. Fig. shows the block diagram of the

V/Hz control strategy. When the reference voltage (V) is got, it is used to calculate

the duty cycles of the PWM signals used in inverter:

dy = 0.5+ V7 Vg

Being Vp¢ the voltage on the DC bus.
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Figure A-4: Schematic of the V/Hz open-loop control strategy

(A4)

However, during the experimental tests, the explained technique was slightly mod-

ified. First, d— and g—axis voltage references are commanded, added to a frequency

command. Once this is done, in order to reach V* and apply (A.4) the voltage refer-

ences V; and V" are rotated using the Park transformation with the angle obtained

fl"OIIl fref (Href) .

Ve cos(0rey) —sin(Orer) O Vi,
Vo, | = |stn(Brer) cos(Brer) Of " |V,
Vo, 0 0 1|,
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Vol = _% \/73 1 Vﬁl (A 6)
V3

Vi, | = |stn(Orey — 3)  cos(Opey —3) 0 Vi (A7)
Vo, 0 0 1 Vo,

Vi 10 1] |v,

‘/; = _% \/Tg 1 Vﬁg (A8)
_Vf_ __% _\/Tg 1_ _‘/02 i

A.2.1.2 Current control

Once the converter operation with an open-loop control is tested, the next step
will be moving to a closed loop one. It will consist of controlling the synchronous
reference frame currents of each three-phase RL load. Fig. shows the schematic of
the defined closed-loop control. The dg-axis currents are controlled with proportional-
integral (PI) controllers as they allow to reach zero steady-state error. The control
action of the described controllers will be the synchronous reference frame voltage

references vy, .. Carrying out a dg-to-abc rotation, the phase voltage references are
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computed. Eventually, applying (A.9) the duty cycles corresponding to the PWM

signals in charge of driving the inverter IGBT’s are obtained.

*

v
"V (A.9)

being : = A, B,C, D, E, I' the indicator of each phase.
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Figure A-5: Schematic of the current control strategy

It must be mentioned that up to this point no encoder has been used, so that

rotations are made with a test phase created in the microcontroller code.

A.2.2 Converter test with the DT-IPMSM

After checking the correct performance of the converter with the implemented con-
trol strategies when having a load connected, it is safe to replace the load with the
electric machine. The DC-link of the inverters is then feed by the grid through the
step-up transformer. As well as before, the inverter feeding the machine was initially
tested in open-loop. Volts/Hertz control led to some problems when the machine was
connected: since current is not being controlled, when voltage and speed (frequency)

commands variations are required, the machine suffers some type of vibrations and
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had difficulties to recover a fluid rotation. In this way, current control was directly

implemented following the scheme in Fig. [A-5]

A.3 Studied Dual Three-Phase IPMSM (DT-IPMSM)

The use of a dual three-phase interior permanent magnet synchronous machine
(DT-IPMSM) is mentioned throughout this Master Thesis. However, up to this
point, the characteristics of the machine with which all the tests included in this
document have been carried out have not being studied in depth. Fig. presents

the cross-section of the analysed machine.

L

Figure A-6: Cross-section of the studied DT-IPMSM [Finite Element Analysis (ANSYS
Maxwell 2D)]

Finite element analysis (FEA) allows to estimate certain parameters of the machine

as Table [A.T] shows.

In addition, it can be seen at a glance that the machine has 16 poles and 18 slots.
This provides several possibilities. In order to have the machine configured as a DT-
IPMSM, each phase is built by the combination of three coils so that six phases are
obtained. However, if phases were built by two coils, a nine-phase machine would be

built, while if six coils formed each phase the obtained machine would be a three-
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Table A.1: Estimated DT-IPMSM Parameters (FEA)

Rated current 10.2 Arms, 14.4A peax
Copper-Losses 175 W
Rated Speed 1125 rpm (150 Hz)

Mechanical Power | 7 kW
Rated Torque 59.08 Nm

phase one. Fig. [A-7 shows the DT-IPMSM’s coil connection that allows to get the

six-phase arrangement.

D E F

17+ 16+ 15+ | 14+

18+ 13+ Q12+ 11+ 10+ 9+
18- [17- [16- %15 %14- %13- 12- ru- r1o- 59»

Figure A-7: DT-IPMSM coil’s connection

The physical arrangement of the machine windings will follow the structure in Fig.
[A-§]
Then, in order to get an anti-clockwise rotation direction (from A to D), current

must be injected following a direct-sequence, with the phase winding def currents

lagging 60° the abc ones.

A.4 Machine’s coupling

Up to this point, experimental tests were done in the DT-IPMSM without load.
Hence, the next step will consist of coupling a three-phase machine on the shaft. This
machine will set the rotating speed of the assembly while the DT-IPMSM will control

the produced torque. Several steps were followed to reach this configuration.
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Figure A-8: Physical arrangement of the machine’s windings

A.4.1 Incremental Encoder

As said before, until now no encoder was used so that a test phase had to be
created in the microcontroller. Now, as speed control is going to be implemented in
the three-phase machine, an encoder is needed in order to have information about the
machine position in real-time. An encoder allows to transform an angular movement
in a series of digital pulses. The generated pulses can be used to control angular

displacements. The utilized incremental encoder provides the following signals:
e A square signal A, that provides 1024 pulses per full turn.

e A square signal B, that provides 1024 pulses per full turn, with a 90° phase
shift with respect to A.

e A signal Z that allows to know the direction of rotation by providing the abso-

lute 0 position of the encoder axis

By detecting the rising and falling edges of A and B, one full mechanical turn is
divided into 4096 pulses. Then, by applying (A.10]) it is possible to get the electrical

angle in radians.

counts
0. = 21 - P Al
°~ Ta006 " (4.10)
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being, ‘counts’ the number of pulses that have being counted from the last step

through 0, and P the machine’s number of pole pairs.

A.4.2 Machine’s alignment

To have the rotor of both machine’s adequately aligned with the stator is a crucial
point in order to obtain a correct performance of both machines. Despite there are
two machines, only one encoder will be used as its measurements will be read by
both the microcontroller of the DT-IPMSM and the one of the three-phase machine.
Hence it is important to have both machines operating in the same situation. The
ideal way would be to point out the point at which a magnet of the rotor is completely
aligned with the phase A for both machines, and take always this rotor position as
the initial one. This will allow to have maximum electromagnetic torque, 7. when
g—axis current is injected and negligible one when current is injected in the d—axis.
To mark the rotor position at which phase A is aligned with a magnet can be easily
done for each machine independently by injecting voltage in open-loop in phase A.
If the injected voltage is high enough, the rotor will turn until the closer magnet
is completely aligned to phase A. Once the alignment points of each machine are

identified, the machines can be coupled.

However, it is possible that the alignment after the coupling is still not perfect.
As the DT-IPMSM has 16 poles, small variations in the mechanical position of the
rotor will imply high variations in the electrical one (6, = 6, - P). Then, in order
to assure 0 torque generation when injecting d—axis current and maximum torque
generation when injecting ¢—axis current, an offset must be included in . For
instance, if the three-phase machine initially has a magnet aligned with its phase A,
while the DT-IPMSM has the magnet lagged with respect to its phase A, an offset
can be included in (A.10) with the DT-IPMSM microcontroller. Hence, when 6, of
the three-phase machine is already 0, 6. of the DT-IPMSM must be a bit behind, in
a way that when the rotor rotates and the magnet aligns phase A, equals 0
for the DT-IPMSM.

137



A.4.3 Speed Control

After having the machines coupled, aligned and the incremental encoder installed,
the new step consists of implementing the desired control strategy in the three-phase
machine’s inverter. As mentioned before, this machine will be used to fix the speed,
so that a closed-loop speed control must be implemented. The control scheme will be
similar to the one in Fig. [A-5] but now an external speed loop must be implemented
in the g—axis. The speed feedback will be calculated with the encoder data. The
d— axis current reference will be kept on 0. Fig. shows the schematic for the

three-phase machine speed control.

PI 1
reg. i
I—Vs dq /| vane 3-ph

Power
abe Converter

pr | s + -
reg. _ | reg.
. d ¢
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abc |¢

a |
— 2/P|
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Figure A-9: Schematic of the speed control strategy

A.4.4 RL Estimation

Table presents some parameters of the DT-IPMSM that were estimated from
FEA. However, there is no information about key parameters of the machine as the
winding inductances and resistances are. Once the test-bench is fully prepared, it is
possible to carry out some methods to analyze these parameters. The idea consists of
injecting dq voltage in open-loop with the rotor blocked (w} = 0), obtain the current

response and analyze the transient behavior. It is known that the machine windings
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can be studied as a RL circuit. Hence:

VSS

Riy = =4 (A.11)
dq

qu =T- qu (Al?)

meaning the superscript ** ‘in steady-state’. 7 is the circuit time constant. However
this method led to inaccurate results, especially when injecting voltage in the g—axis
as the machine was generating torque and thus some pulsations appeared in the

transient responses.

Matlab incorporates a function called ¢ fest that estimates a continuous-time trans-
fer function with specified number of poles, from their input and output. Then, as it

is known:

Ly, 1

— = A.13
‘/dq qu - S+ qu ( )

Griva, =
Hence, once the transfer function is known, it is straightforward to get the induc-

tance and resistance parameters.

Several experimental tests were carried out in order to obtain the R4, and Ly,
values for different values of injected voltage. Fig. |[A-10[a) shows the evolution of the
estimated resistance for both the d— and the g—axis, for each dq system depending
on the injected voltage. Fig. (b) shows the evolution of the estimated inductance
for both the d— and the g—axis, for each dq system depending on the injected voltage.
Finally, Fig. |A-10|(c) shows the almost linear relationship between the injected voltage
and the obtained current (both measured). It must be mentioned that, as the machine
is blocked while injecting a constant voltage, phase currents during the test are DC
ones. DC current flowing through a coil generates a constant magnetic field that does
not interact with the rotor magnetic field. Thus, losses in the stator and not in the

rotor are only considered.
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Figure A-10: (a) Stator resistance estimation depending on the injected voltage, (b) Stator

inductance estimation depending on the injected voltage, (c) Voltage - Current Character-
istic

Once the results are analysed, it could be concluded that:

Rs, = Rs,, ~ R, = Rs,, = 0.47
L, ~ Ly, =5.7mH
L, ~ L, =8bmH

q1 q2

However, as seen in equation rotor temperature can be estimated with prior
knowledge of the rotor resistance as well as the stator one. Hence, the resistance
of the PMs must be also calculated. In order to achieve an interaction between the
stator magnetic field and the rotor one promoted by the PMs, a rotatory magnetic
field must be created by the stator. The test will be quite similar to the previous one.

However, now instead of injecting constant synchronous voltages that, as the machine
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is stopped promote DC phase currents, a pulsating high-frequency (HF') synchronous
voltage will be injected in the machine’s windings. This will lead to ac phase currents
that generate a rotatory magnetic field that interacts with the magnetic field created
by the magnets. The test is only done in one of both dg—sets, injecting only voltage
in the d—axis, as the d—axis resistance is the one of interest. In addition, both d—
and g—axis resistances should seem similar as seen in Fig. for the stator case.
About the inductance, its value should remain constant as the test is done at 500
Hz. High-frequencies tend to reduce the inductance value in this type of machines
but in the range of kHz’s. The obtained data will be treated using the Fast Fourier

Transform, FFT in order to clearly distinguish the frequency components, as seen in

Fig. [A-11]
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Figure A-11: d—axis voltage and current FFT’s when injecting a pulsating high-frequency
voltage (500 Hz)

It can be seen how the positive and the negative sequence components of current at

the injected voltage frequency are clearly distinguished. Then, dividing the complex
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component of voltage over the current one, the impedance of the combination of
both rotor and stator is obtained. The real part is related with the resistance, while
the reactance consists of the imaginary part. Dividing the reactance over the high-
frequency, the inductance is obtained. The test was repeated for different amplitudes

of the injected voltage, obtaining the following results:
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Figure A-12: (a) Rotor resistance estimation depending on the injected voltage, (b) Rotor
inductance estimation depending on the injected voltage, (c¢) Voltage - Current Character-
istic

As mentioned before, it can be seen how the inductance values are between 5.6 mH
and 5.8 mH which matches with the ones obtained when injecting constant DC

voltages. About the resistance, it stabilizes in a value around 1.1 2. Hence, the rotor
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resistance in the d—axis can be computed as follows:

R, = 1.1Q
R,, =~ 047 Q
R,, = Rip, — Rs, = 0.63 Q2
(A.14)

A.4.5 Additional hardware for emulating an open-phase fault

As stated before, one of the goals of this Master Thesis is to implement a fault-
tolerant control strategy. Hence, emulating an open-circuit fault in one of the DT-
IPMSM phases must be done in a safe way. In order to do so, the following elements

will be used:
e Contactor
e Programmable relay

e DSP GPIO output

Phase A will be connected from the inverter to the DT-IPMSM through the con-
tactor, whose coil will be connected to the single-phase grid through the relay. When
the contactor’s coil is fed, it will be closed so that phase A will be connected to the
electric machine. On the other hand, if the coil is not fed, the contactor will be open,
and the machine will suffer an open-phase fault. Hence, the connection of phase A
will depend on the state of the programmable relay. This relay allows to open and
close a contact depending on the value of a digital input signal. This input signal
will come from a DSP GPIO output whose value can be managed from the computer.
Then, if the GPIO signal is set to 0, the relay will keep the contact open and as the
contactor’s coil will not be fed, there will be an open-phase fault. Otherwise, when
the DSP GPIO signal is turned to 1, the programmable relay will close its contact,
so that the contactor’s coil will be fed. Hence, the contactor will be closed and phase

A will be connected to the machine.
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