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Abstract

The present work aims the development of the control system for starter-generator
system for future More-Electric Aircraft (MEA) platforms. The system will combine
functions of engine electric start with electrical power generation to supply on-board
loads. The system should provide electric power quality according to aerospace stan-
dards independently on engine operation mode.

For the design and control, the following steps have been carried out:

I Brief summary of the principle of a Surface Permanent Magnets Synchronous
Machine (SPMSM) (including simulation parameters) and background screening
of MEA.

II Study of abc to dq transformation system and stationary to synchronous reference
frame transformation have been explained to simplify the control.

III Introduction to AC brushless equations: in phase coordinates and in Udq coor-
dinates.

IV From the previous equations, Laplace transform and Taylor‘s theorem have been
included for the analysis of small signal.

V Simulation processes through linear equations to develop the current loop

VI Simulation processes through linear equations to develop the torque/speed loop

VII Simulation outcomes using PSIM software.

VIII Conclusions
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The following abbreviations and symbols will be used along the document:

Abbreviations and symbols.
Vabc Stator voltages in phase coordinates.
iabc Stator currents in phase coordinates.
λabc Stator flux in phase coordinates.
vqs,vds Stator q and d axes voltages.
iqs,ids Stator q and d axes currents.
λqs,λds Stator q and d axes flux linkages.
λPM Permanent magnet flux linkage.
Lq,Ld Stator q and d axes inductances.
Rs Stator resistance.
p Derivative operator.
we,θe Electrical angular speed and position.
wr,θr Rotor angular speed and position.
Te Torque of the machine.
TL Torque of the load.

Superscripts.
r,e Rotor or synchronous reference frame.
s Stator or stationary reference frame.
∗ Reference signal.

Subscripts.
0 Initial state

Thesis Supervisor: Pablo Garćıa Fernández
Title: Dr. Associate Professor

Thesis Supervisor: Serhiy Bozhko
Title: Dr. Associate Professor
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Chapter 1

Thesis Introduction

1.1 Introduction

This project is based on the understanding of the operational background of SPMSM.

The SPMSM has many advantages over Induction Machines (IM). The most relevant

is the high efficiency coming from the fact that magnetising current is not a part of

the stator current. In IM the reactive current is carried by the stator winding for the

rotor excitation while in SPMSM the flux is created by the magnet material in the

rotor. Self excitation brings about various benefits, such as the elimination of the

rotor copper losses. For this report, a simulation of SPMSM will be carried out with

the following parameters (Table 1.1).

Table 1.1: Machine details.

SPMSM parameters

Stator resistance Rs(mΩ) 1.058

Stator d inductance Ld(µH) 99

Stator q inductance Lq(µH) 99

Number of poles P 6

Magnet flux-linkage λPM(V · s) 0.03644

Inertia J(kg ·m2) 0.403

Friction F (N ·m · s) 0.001

Rated power Prated(kW ) 45
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1.1.1 Project Background

The More-Electric Aircraft (MEA) is one of the main trends in a modern aircraft

engineering aiming to boost the performance and reliability of tomorrow’s aircraft.

Like any vehicle, an aircraft needs an auxiliary power in the same way a car needs a

battery to power its windshield wipers, dome-line or electric windows.

Four types of energy are used to power systems on todays aircraft: mechanical,

hydraulic, pneumatic and electrical. They provide the power needed for flight control

to manage energy production by engines and generators, to manage aircrat configura-

tion like the actuation of landing gear and brakes,for passanger comfort and services,

and for air conditioning and pressurization. In turn, it results in significant increase in

on-board electric power demand. Hence the role of electric power generation system

is of great importance. Existing solutions has severe limitations to meet requirements

of future more-electric aircraft therefore new topologies should be considered.

The project will investigate a potential solution based on permanent-magnet ma-

chine controlled by active front-end power electronic converter. This system topology

will conveniently manage reversing of power flow direction; hence will be able of per-

forming both starting and generating functions. The project will focus on control

design procedure for this system. The main design criteria should be developed in

order to meet electrical power quality according to standard MIL-STD-704, and the

system design should demonstrate significant improvement in performance compare

to existing solutions.

1.1.2 Methodology

Through this project a small-signal mathematical model of the SPMSM based starter-

generator system will be developed. It means that a control structure will be de-

signed to provide the engine starting. At the next stage, the control system will be

expanded to provide the generation mode, including particularities of operation in

flux-weakening mode. Stability of the designed system in a presence of non-linear

loads will be also assessed by linearization using small-signal analysis. The design
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will be confirmed by numerical simulations using linearized and non-linear models

with PSIM software.

1.2 Objectives

The project will aim for development of control system for starter-generator system for

future more-electric aircraft platforms. The system will combine functions of engine

electric start with electrical power generation to supply on-board loads. The system

should provide electric power quality according to aerospace standards independently

on engine operation mode.

In order to carry out the proposed study, the following objectives are stablish:

� General reading and familiarisation with MEA principles in the project context.

� Familiarisation with MATLAB/Simulink/SimPower and embedded linear sys-

tems analysis tools.

� Refreshing control system design principles and methods applicable to the project

(timing as above as well).

� General study into the starter-generator systems, literature review, and under-

standing the topology of the system to be developed and clarification of design

approach.

� Design of starter mode controls, including development of MATLAB models

using UNOTT in-house software libraries.

� Design of generation mode controls, including flux-weakening and DC voltage

controls, including MATLAB model development.

� Simulation of the system performance under different scenario in motoring and

generating modes and verification of design.

� Summarizing results and making conclusions.
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1.3 Opportunities

In traditional aircraft, multiple systems may use one type or a combination of types

of energy, including electrical, hydraulic, mechanical, and pneumatic energy. How-

ever, all energy types have different drawbacks, including the sacrifice of total engine

efficiency in the process of harvesting a particular energy, as with hydraulic and pneu-

matic systems. The goal for future aircraft is to replace most of the major systems

currently utilizing nonelectric power, such as environmental controls and engine start,

with new electrical systems to improve a variety of aircraft characteristics, such as

efficiency, emissions, reliability, and maintenance costs.

Aircraft system configuration and comparison between tranditional and More

Electric Aircraft are shown in Fig. 1-1 and Table 1.2.

56 IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 1, NO. 1, JUNE 2015

Fig. 2. The 787’s electrical system uses a remote distribution system that
saves weight and is expected to reduce maintenance costs [10]. (a) Traditional
aircraft. (b) Boeing 787. (Courtesy of Boeing.)

conductors may be reduced. These weight savings and rating
reductions contribute both to improved fuel efficiency of the air-
craft and a lower total cost, as the lower rated equipment may be
provided at a reduced price. Additionally, the distributed power
system configuration realizes maintenance cost savings. The
Boeing 787 is an example of this modern network configuration
and is shown in Fig. 2(b).

An additional advantage of power electronic converters in
MEA is the freedom to operate the motor at varying speeds,
which allows for the motor to be run at its optimum operating
point depending on the load. In theory, higher mechanical-
speed electric machines are preferable because as the mechan-
ical speed increases, the weight and volume of the electrical
machine decreases for a desired power capability. In addition,
the more electric architecture introduces the need for power
electronics to drive the electric motor, and as a result, the
opportunity to replace current induction machines with per-
manent magnet (PM) motors is presented. PM machines are
preferable, as they have inherently higher power density and
efficiency compared to induction motors [17]. Although there is
an increase in component cost and complexity with the addition
of individual power electronic converters for electric machines,
the positive tradeoffs include the ability to choose higher oper-
ating speeds of the motors, which reduces the weight and
volume of the motor [18].

The IDG in conventional aircraft is a mechanical device that
is susceptible to wearing out, and therefore, it must be replaced
or maintained at predefined times in order to prevent failures.
The elimination of the IDG with the MEA architecture leads
to improved dispatch reliability, as the mechanical and less
reliable subsystem has been replaced with higher reliability
electrical system. This increased reliability is a major factor for
revenue, especially for commercial aircraft. Further considera-
tions for the electrification of the aircraft are the maintenance
costs associated with the different systems. This is important
because any unexpected “grounded” time leads to significant
cost increase for airlines. Thus, even in the case where the
electrification does not improve the weight, volume, and ini-
tial cost of the aircraft, the potential savings via increased

dispatch reliability and reduced maintenance may make finan-
cial sense [19]. These benefits of electrification have led to the
current trend of eliminating the IDG in large dual isle commer-
cial transport aircraft [20]. The fuel savings and environmental
impact of the continued electrification of the aircraft have been
examined in [21].

Other active research topics considering the electric power
system of modern and future aircraft include reliability. In [22],
a software tool is proposed to evaluate the reliability of different
design architectures. The stability of the electric power systems
is examined in [23]–[25], which investigate and model the small
or large signal stabilities. In particular, Reference [24] presents
simulations and experimental results regarding the stability of
hybrid MEA power systems. Furthermore, the protection of
the MEA power grid is investigated in [26] and [27]. In [26],
reliability models were proposed for all critical components,
and Reference [27] simulates the design of a high-voltage dc
connection with hybrid power on MEA.

B. Main Engine Start

The exploration for the electrification of future aircraft has
affected the MES subsystem, which on a traditional commer-
cial transport aircraft has been done using pneumatic power. To
summarize the traditional methods, the APU generates com-
pressed air, which is then routed typically from the aft of the
aircraft, where the APU resides, to the main engines, and this
is done via air ducts [28]. Inside the engine nacelle, there is an
accessory called the air turbine starter (ATS). The ATS acts as
a pneumatic motor to spin the engine. Once the engine reaches
a certain speed, the fuel and air mixture is burned in the com-
bustion chamber of the engine to start the engine. There is also
typically a provisional system in which a pneumatic connec-
tion, i.e., air ducts, between multiple main engines, is used to
start the other engines [29]. This provisional system is needed
to supply the compressed air to start the other engines while
in flight because at high altitudes, the APU may not function
properly with the reduced air density or it may not have enough
power generation to supply such compressed air [30]. An alter-
native to the APU for MES is the use of ground carts, which
provide compressed air to the main engine while on the ground.

In Airbus A350 and A380, pneumatic air start turbine system
is used; however, more recently on the Boeing 787, the pneu-
matic system has been eliminated, including the air ducts and
ATS. In lieu of this, main engine generators are operated as
motors to achieve the MES. Hence, they are called main engine
starter generators. Electrical wires provide the necessary power
to start the main engines [10]. This new system requires con-
verting ac power from APU generators to dc power and then
back from dc to ac in order to achieve variable voltage and vari-
able frequency control of the main engine starter/generators;
hence, rectifiers and inverters are needed. Fig. 3 shows a dia-
gram of the MES system with both traditional and electric
APUs.

In this scenario, it is necessary that electrical, magnetic,
and thermal sizing of the starter/generator be a part of the
new system analysis that needs to be performed. It is prefer-
able that the electrical MES maximum torque requirement

Figure 1-1: Comparison between traditional (b) and MEA (a).
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Table 1.2: Traditional vs MEA.

Traditional More Electric Aircraft
Power system
distribution

Centralised power system
distribution. The power is
generated on the wings near
the main engines and in the
aft.

Remote distribution and
simplify network:

� Increase efficiency.

� Decrease losses be-
tween generation and
consumption.

Control system
distribution

Mechanical Constant Fre-
quency Generation:

� Mechanical gearbox
creates a constant
speed shaft from a
variable speed input.

� Constant speed shaft
drives the Generator:

– Voltage control
used for the
generator.

– 400Hz voltage
supply fixed
frequency

� Expensive to purchase
and maintain:

– Single source due
to patents.

Variable Frequency Genera-
tion:

� Generator provides
variable frequency
supply:

– Voltage control
around generator

� Direct connection be-
tween generator and
power bus:

– Simple and reli-
able generation

� Nearly all aircraft
loads will require
power converters for
control:

Enviromental
control system

Bleed air architecture for tem-
perature and pressure regula-
tion

Electric power regulate the
temperature and pressure.
Pneumatic system and air
ducts are removed.

Electrification of
hydraulic system

Hydraulic systems are used in
aircraft for primary and sec-
ondary surface control, brak-
ing, landing gear, and many
other important functions.
These hydraulic systems are
dependent on mechanically
driven actuators.

Electro-hydraulic actuators
(EHAs) or electromechanical
actuators (EMAs). EHAs
are considered advantageous
because of weight, volume,
dispatch reliability, and cost
advantages.
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1.4 Thesis structure

The Thesis document will gather to the maximum extent possible the carried out

study covering all the accomplished stages to fulfil the proposed objectives in sec-

tion 1.2. The Thesis document is organized as follows, matching with the followed

methodology.

� Chapter 1 presents the thesis introduction including the project background

and methodology. Objectives, opportunities and this section.

� Chapter 2 describe the transformation method.

� Chapter 3 shows the main equations to use in this master thesis.

� Chapter 4 describes the Taylor method to use in the equations of the previous

chapter.

� Chapter 5, a simulation with linear equations has been developed including the

initial design for the PI regulators in the current and speed loops.

� Chapter 6 a simulation with linear equations has been developed including the

final design for the PI regulators in the current and speed loops.

� Chapter 7 flux weakening include the novelty of the work to shows the hight

speed control.

� Chapter 8 conclude with the specific and general conclusions and future prospect

for this technology.

18



Chapter 2

Transformations

2.0.1 abc to dq transformation

For the simulation of this machine, the d and q axis position must be considered. The

equation 2.1 is used to convert abc system to dq system. Fig. 2-1 shown the system.

fdq =
2

3
·
(
fa + fb · e−j 2π

3 + fc · ej
2π
3

)
(2.1)

Where expressing Euler’s formula:

e−j 2π
3 = cos

(
−2π

3

)
− j · sin

(
−2π

3

)
(2.2)

ej
2π
3 = cos

(
2π

3

)
− j · sin

(
2π

3

)
(2.3)

a

b

c
q

d

Figure 2-1: The dq system use.
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2.0.2 Stationary to synchronous reference frame transforma-

tion

qs

ds
de

qeIm

Reθr

Figure 2-2: Transformation reference frame.

Fig. 2-2 shows both system of reference: stationary reference frame (f s
dq) and

synchronous reference frame (f e
dq), being f any variable to transform. In the Fig. 2-2

imaginary and real axis can be also seen and the rotation (θr) between both system

of reference can be represented with Euler formula (equation 2.4).

e−j·θr = cos θr − j · sin θr (2.4)

For doing the transformation of the stationary reference frame to synchronous

reference frame is only necessary multiply by the rotation (equation 2.5). Final result

is shown in matricial form in equation 2.8. T in equation 2.9 is the rotation matrix.

f e
dq = e−j·θr · f s

dq (2.5)

f e
q − j · f e

d = (cos θr − j · sin θr) ·
(
f s
q − j · f s

d

)
(2.6)

20



f e
q − j · f e

d =
(
f s
q · cos θr − f s

d · sin θr
)
− j ·

(
f s
q · sin θr + f s

d · cos θr
)

(2.7)

fe
q

fe
d

 =

cos θr − sin θr

sin θr cos θr

 ·

fs
q

fs
d

 (2.8)

f e
dq = T · f s

dq (2.9)
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Chapter 3

Motor equations [4]

3.0.1 AC brushless equations in phase coordinates

The voltage equation of the stator circuits is developed in equation 3.1, where R and

L are characteristics of the machine. The flux linkage is expressed in equation 3.2.

Moreover, the torque is expressed in equations 3.3 and 3.4, while the mechanical to

the electrical speed is given by equation 3.5.

Vabc = R · iabc +
d

dt
λabc (3.1)

λabc = λPM + L · iabc (3.2)

Te = P · ∂λabc

∂θe
· iTabc (3.3)

Te − TL = J · dwr

dt
(3.4)

we =
P

2
· wr

∫
==⇒ θe =

P

2
· θr (3.5)
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3.0.2 Equations of AC brushless equations in dq coordinates

The complex vector expressions are obtained from above equations (3.1, 3.2, 3.3 and

3.4) using the expressions defined in section II.A. The result for each equation is the

following (expressed in matrix form):

vrqs
vrds

 =

Rs 0

0 Rs

 ·

irqs
irds

+

 p wr

−wr p

 ·

λr
qs

λr
ds

 (3.6)

The previous equations 3.6 show the voltage in the stator viewed in the rotor

reference frame. In the same way the flux linkage equation is given by equation 3.7.

λr
qs

λr
ds

 =

Lq 0

0 Ld

 ·

irqs
irds

+

BEMF︷ ︸︸ ︷wr · λPM

0

 (3.7)

As can be seen in equation 3.7, the last term represents the Back Electro-Motive

Force (BEMF). This is proportional to the rotor speed. Combining both equations 3.6

and 3.7, the following equation is obtained (equation 3.8):

vrqs
vrds

 =

Rs 0

0 Rs

 ·

irqs
irds

+

 p wr

−wr p

 ·

Lq 0

0 Ld

 ·

irqs
irds

+

wr · λPM

0

(3.8)
The last equations define the torque system (equations 3.9 and 3.10). Following

the same procedure than before:

Te =
3

2
· P
2

 λPM · irqs︸ ︷︷ ︸
Magnetic−Torque

+(Ld − Lq) ı
r
qs · irds︸ ︷︷ ︸

Reluctance−Torque

 (3.9)

Te − TL = J · dwr

dt
(3.10)

All the equations are referred to the rotor reference frame. Those equations will

be transformed using Laplace transform and Taylor’s theorem to performed the small

signal analysis. furthermore, they will be also used for the non-linear simulation.

24



Chapter 4

Small signal analysis

4.0.1 Equations of AC brushless equations in phase coordi-

nates

In this section, using Laplace transform and Taylor’s theorem (equation 4.1) non-

linear functions can be approximated in reduced environment around a point xε(a, b)

by a polynomial which coefficients depend on the derivatives function at that point.

f(x) = f(a) +
f ′(a)

1!
· (x− a) (4.1)

By using the Taylor’s theorem and Laplace transform in equations 3.8, 3.9 and

3.10, the corresponding equations are for voltages and torque:

∆vrds = (Rs + Ld · s) ·∆irds − Lq · irqs0 ·∆we − Lq · we0 ·∆irqs︸ ︷︷ ︸
feedforward term

(4.2)

∆vrqs = (Rs + Lq · s) ·∆irqs + Ld · irds0 ·∆we + Ld · we0 ·∆irds + λPM ·∆we︸ ︷︷ ︸
feedforward term

(4.3)
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∆Te =
3

2
· P
2
· [λPM ·∆irqs + (Ld − Lq) ·

(
irds0 ·∆irqs + irqs0 ·∆irds

)
] (4.4)

∆Te −∆TL = J · 2
P

· s ·∆we (4.5)
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Chapter 5

Initial design

5.1 Simulation with Linear equations

5.1.1 Current loop

To perform the current regulation, the stator voltage equations have to be taken into

account (the induced voltages equations are (5.1) and (5.2)):

vrqs = Rsi
r
qs + Lq

dirqs
dt

+ λr
qs (5.1)

vrds = Rsi
r
ds + Ld

dirds
dt

+ λr
ds (5.2)

Therefore, the transfer functions can be represented as follows:

vrqs − λr
qs

irqs
=

1

Lqs+Rs

(5.3)

vrds − λr
ds

irds
=

1

Lds+Rs

(5.4)

The previous outcome implies that PI regulators should be used for the current

regulation. A closed loop bandwidth of 1000 Hz (BWi[Hz]) is used. Then, the

regulators and their parameters are [2]:
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(
vrqs − λr

qs

)∗
ir∗qs − irqs

= Kiq

(
1 +

1

Tiiq · s

)
(5.5)

Kiq = 2π ·BWi[Hz] · Lq = 0.622 (5.6)

Tiiq =
Lq

Rs

= 93.57 ms (5.7)

(vrds − λr
ds)

∗

ir∗ds − irds
= Kid

(
1 +

1

Tiid · s

)
(5.8)

Kid = 2π ·BWi[Hz] · Ld = 0.622 (5.9)

Tiid =
Ld

Rs

= 93.57 ms (5.10)

The induced voltages (λr
ds and λr

qs) are not negligible, so the final control actions

(vr∗qs and vr∗ds) can be obtained by summing the regulator control actions and the

estimated induced voltages as seen in the following equations (the estimated induced

voltages can be calculated with (3.7) using the measured speed):

vr∗qs =
(
vrqs − λr

qs

)∗
+ λ̂r

qs (5.11)

vr∗ds = (vrds − λr
ds)

∗ + λ̂r
ds (5.12)
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Figure 5-1: Detail of results of current regulation.
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As can be seen in Fig. 5-1, the settling time (time at which the actual values are

the 95% of the steady state values) of the currents is approximately 0.58 ms (0.1 ms

after the step change of the current references). Therefore, the effective bandwidth

of the current regulation is [2]:

τi =
ts
3
=

0.48 ms

3
= 0.16 ms (5.13)

BWi[rad/s] =
1

τi
= 6250 rad/s (5.14)

BWi[Hz] =
BWi[rad/s]

2π
= 994.71 Hz ' 1000 Hz (5.15)

5.1.2 Speed loop

To perform the speed regulation, the torque/speed equation has to be taken into

account:

T − TL = J
dωr

dt
+Bωr (5.16)

Therefore, the transfer function can be represented as follows:

Te − TL

ωr

=
1

Js+B
(5.17)

This implies that PI regulator should be used for the speed regulation. A closed

loop bandwidth of 25 Hz (BWω[Hz]) will be used. Then, the regulator and its

parameters are [2]:
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(Te − TL)
∗

ω∗
r − ωr

= Kω

(
1 +

1

Tiω · s

)
(5.18)

Kω = 2π ·BWω[Hz] · J = 63.3 (5.19)

Tiω =
J

B
= τmech = 403 s (5.20)

In a similar way that in (5.11) and (5.12), the final control action (T ∗) can be

obtained by summing the regulator control action and the estimated load torque.

However, although it is possible to calculate a estimation of the load torque in this

case, the parameters which determines that torque can vary or can be difficult to

determine. Therefore, the estimated load torque will be neglected and the final control

action will be equal to the regulator control action:

T ∗ = (Te − TL)
∗ (5.21)
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Figure 5-2: Results of speed regulation to step changes.

Taking into account all the calculations seen before, it is possible to perform a

simulation that computes the behavior of the speed regulation when the required

speed changes. For this simulation, the load moment of inertia (JL) is set to 0. The
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results are shown in Fig. 5-2.

Apparently, the control speed loop seems to work properly (Fig. 5-2). However,

if a torque load (TL)is applied to the system the speed regulation is not working

correctly because the system would need a lot of time to obtain a zero speed error

(Fig. 5-3).Then, the bandwidth requirement would not be accomplished.
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Figure 5-3: Results of speed regulation with torque load changes.

An alternative is to use the active damping. For that, a virtual damping is used

to improve the system performance. To determine the active damping, it is necessary

a virtual damping coefficient (B̂). In this case, the value of B̂ will be 3000 times B:
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B̂ = 3000 ·B = 3 N.m.s (5.22)

Now, the transfer function can be represented as follows:

Te − TL

ωr

=
1

Js+
(
B + B̂

) (5.23)

In addition, the regulator parameters are [2]:

Kω = 2π ·BWω[Hz] · J = 63.3 (5.24)

Tiω =
J

B + B̂
= 134.29 ms (5.25)

Finally, the final control action is:

T ∗ = (Te − TL)
∗ − B̂ωr (5.26)

The simulation of the system with active damping are shown in Fig. 5-4.

As can be seen in Fig. 5-4, the settling time (time at which the actual value is the

95% of the steady state value) of the speed is approximately 0.389 s (379 ms after

the step change of the speed reference). Therefore, the effective bandwidth of the

speed regulation is [2]:

τω =
ts
3
=

379 ms

3
= 126.33 ms (5.27)

BWω[rad/s] =
1

τω
= 7.92 rad/s (5.28)

BWω[Hz] =
BWω[rad/s]

2π
= 1.26 Hz (5.29)
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Figure 5-4: Results of speed regulation to step changes with active damping.

5.1.3 PSIM simulation

Two simulations have been performed; the first one shows the results without the

active dumping in the control speed regulator and the second one with the active

dumping in the regulation.

In Fig. 5-5 and Fig. 5-6 the following results were represented:

� Reference rotor speed (w∗
r) and rotor speed (wr).

� Reference q axis current (i∗q) and q axis current (iq).

� Reference d axis current (i∗d) and d axis current (id).

� Reference torque load (TL) and torque in the machine (Te).

Simulation without active dumping

In Fig. 5-5 the system performance was assessed in relation with the speed step

changes in the first second. In the second second, step torque changes were evaluated.

Finally, in the last second, step currents in d axes were identified.

The main outcome on the previous Fig. 5-5 is that a change in the torques provoke

that the error speed is not zero value.
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Simulation with active dumping

For the simulation using active damping, the previous procedure was repeated. The

results can be seen in Fig. 5-6. In the first second the speed step changes vary. In

the second second, step torques were identified and in the last one, step currents in d

axes occurred.

The main outcome on the previous Fig. 5-6 is that a change in the torques provoke

zero error speed value.

34



0 0.5 1 1.5 2 2.5 3
−500

−250

0

250

500

750

1,000

i(
A)

Current in q axis (iq)
0 0.5 1 1.5 2 2.5 3

0

10

20

30

40

w
(r
pm

)

Rotor speed

0 0.5 1 1.5 2 2.5 3
−20

−15

−10

−5

0

5

10

i(
A)

Current in d axis (id)

0 0.5 1 1.5 2 2.5 3
−100

−50

0

50

100

150

200

Time (s)

T
(N

·m
)

Torque

Figure 5-5: Voltages, currents and torques without active dumping.
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Figure 5-6: Voltages, currents and torques with active damping.
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Chapter 6

Final design

Previous chapter showed the PI design using the zero pole cancellation method.

Nonetheless, this method does not fulfil the current requirements for aircraft.

Then another model is proposed to overcome the last aircraft specifications

6.1 Simulation with Linear equations

6.1.1 Current loop

To perform the current regulation, the following Fig. 6-1 has been considered in order

to analyse the system.

Figure 6-1: Current loop for control design.

The PI regulator transfer function is shown in equations 5.5 and 5.6. Morover,

the transfer function obtained from the block diagram is the following (equation 6.1):
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Gs =

Kpdq

Ldq
· s+ Kpdq

Kidq
·Ldq

s2 +
Rs+Kpdq

Ldq
· s+ Kpdq

Tidq
·Ldq

(6.1)

Ms =
K · w2

n

s2 + 2 · ξ · wn · s+ w2
n

(6.2)

Doing a comparison between the transfer function above (equation 6.1) and the

second order transfer function (equation 6.2). It can be seen that the denominator is

very similar. This similitude is considered for the PI design.

In order to get that the current control loop work properly, Tidq and Kpdq must be

put correctly. The specifications (considering also a bandwidth of 1000Hz (BWi[Hz]))

which have been considered for the final design are:

wn = 2 · π ·BWi[Hz] = 2 · π · 1000 (6.3)

ξ =

√
2

2
(6.4)

In this case, the final value for both constants equalling the denominator terms

are:

Kpdq = 2 · ξ · wn · Ldq −Rs = 0.869 (6.5)

Tidq = Ldq ·
w2

n

Kpdq

= 0.222 ms (6.6)

The induced voltages (λr
ds and λr

qs) are not negligible as in the previous chapter.

As can be seen in Fig. 6-2, the settling time (time at which the actual values

are the 95% of the steady state values) of the currents is approximately 0.679 ms

(0.579 ms after the step change of the current references). Therefore, the effective

bandwidth of the current regulation is [2]:
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Figure 6-2: Detail of results of current regulation.

τi =
ts
3
=

0.48 ms

3
= 0.193 ms (6.7)

BWi[rad/s] =
1

τi
= 5181 rad/s (6.8)

BWi[Hz] =
BWi[rad/s]

2π
= 824.58 Hz (6.9)

6.1.2 Speed loop

To perform the speed regulation, the torque/speed equation has to be taken into

account equation 5.16. Morover, the following Fig. 6-3 has been considered in order

to analyse the system.

Proyecto Fin de Carrera Memoria  

Gabriel Borge Martínez Página 33 de 98 

5.3.2. Diseño del regulador PI de velocidad 

De la figura 5.5 se ha extraído el lazo primario. Este lazo es el correspondiente al 

de tensión, del cual se realizará el diseño del regulador de velocidad, que será  del tipo 

PI (acción proporcional e integral). 

El lazo de control de velocidad es el siguiente: 

1

TK
TK

1

Js b+

Figura 5.11. Lazo de control de velocidad. 

Si de la figura 5.11 hacemos que las ganancias del A/D y del estimador de 

velocidad sean unitarias, y sabiendo que el lazo secundario (lazo de control de corriente) 

se realizará con más frecuencia que el de velocidad, el diagrama de bloques se nos 

simplifica dando lugar al de la   figura 5.12. 

1

TK TK
1

Js b+

Figura 5.12. Lazo de control de velocidad simplificado. 

La función de transferencia de un regulador PI (para nuestro caso regulador de 

corriente) es el mostrado en la ecuación 5.1. 

( ) i
p

s K
R s K

s
ω

ω ω
+ = ⋅  

 
(5.3) 

• Rω = Regulador de velocidad.

• Kpω = Constante proporcional del regulador de velocidad.

Figure 6-3: Speed loop for control design.

The PI regulator transfer function is shown in equations 5.18. Furthermore, the
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transfer function obtained from the block diagram is the following (equation 6.10):

Gs =

Kpω

J
· s+ Kpω

Kiω ·J

s2 + B+Kpω

J
· s+ Kpω

Tiω ·J

(6.10)

Ms =
K · w2

n

s2 + 2 · ξ · wn · s+ w2
n

(6.11)

Doing a comparison between the transfer function above (equation 6.10) and the

second order transfer function (equation 6.11). It can be seen that the denominator

is very similar. This similitude is considered for the PI design.

In order to get that the current control loop work properly, Tiω and Kpω must be

put correctly. The specifications (considering also a closed loop bandwidth of 25 Hz

(BWω[Hz]) will be used) which have been considered for the final design are:

wn = 2 · π ·BWω[Hz] = 2 · π · 25 (6.12)

ξ =

√
2

2
(6.13)

In this case, the final value for both constants equalling the denominator terms

are:

Kpω = 2 · ξ · wn · J −B = 89.52 (6.14)

Tiω = J · w2
n

Kpω

= 9 · 10−3 s (6.15)

Taking into account all the calculations seen before, it is possible to perform a

simulation that computes the behaviour of the speed regulation when the required

speed changes. For this simulation, the load moment of inertia (JL) is set to 0. The

results are shown in Fig. 6-4.

Comparing whit the first simulation, if a torque load (TL) is applied to the system

the speed regulation is working correctly as can be seen in Fig. 6-5).
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Figure 6-4: Results of speed regulation to step changes.

As can be seen in Fig. 6-4, the settling time (time at which the actual value is

the 95% of the steady state value) of the speed is approximately 0.1396 s (0.0396 ms

after the step change of the speed reference). Therefore, the effective bandwidth of

the speed regulation is [2]:

τω =
ts
3
=

39.6 ms

3
= 13.2 ms (6.16)

BWω[rad/s] =
1

τω
= 75.76 rad/s (6.17)

BWω[Hz] =
BWω[rad/s]

2π
= 12.06 Hz (6.18)

6.1.3 PSIM simulation

The same simulation which was done in the previous chapter has been performed

with the actual design.

In Fig. 6-6 the following results were represented:

� Reference rotor speed (w∗
r) and rotor speed (wr).

� Reference q axis current (i∗q) and q axis current (iq).
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Figure 6-5: Results of speed regulation with torque load changes.

� Reference d axis current (i∗d) and d axis current (id).

� Reference torque load (TL) and torque in the machine (Te).

Simulation without active dumping

In Fig. 6-6 the system performance was assessed in relation with the speed step

changes in the first second. In the second second, step torque changes were evaluated.

Finally, in the last second, step currents in d axes were identified.

The main outcome on the previous Fig. 5-5 is that a change in the torques provoke

that the error speed is zero value.
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Figure 6-6: Voltages, currents and torques without active dumping.
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Chapter 7

Flux weakening [6]

The flux weakening is included to increment the rotational speed of the machine.

To perform the flux weakening design it has been necessary the previous chapter

of PIs design. In this chapter the loop controllers will be shown and a simulation will

be done in order to understand its behaviour.

7.1 Structure of the control system

In this methodology there are to control system structure:

� Starter mode.

� Generator mode.

Each structure will be detailed in the following subsections.

Following equations 7.2 and 7.1 has been considered to implement de flux weak-

ening control:

|V | =
√

v2d + v2q (7.1)

iq =
√

i2maxima − i2d (7.2)
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Starter mode

The purpose of this part is to drive the aircraft turbine using the PMM to a certain

speed. An outer loop controller is used and the active power is regulated in relation

to the speed demand that can be seen in Fig. 7-1

*
rω

*||V

*
qi

||V

rω

qv

abcv
di

qi

abci

abcm

dcE

dv

Figure 7-1: Control structure used in starter mode [6].

The field weakening control would be connected on the outer id loop which regu-

lates reactive power.

Generator mode

The DC link power is regulated with regards to the connecting loads and must be

controlled it voltage. The field weakening controller ensures through their connection

that the voltage is worked within range for all speeds. Fig. 7-4 shows generator mode

structure.

dci

dcE

*||V

*
qi

||V

qv

abcv
di

qi

abci

abcm

dcE*
dci

dv

Figure 7-2: Control structure used in generator mode [6].
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7.1.1 PI design

For both operation modes, there is a dynamic limiter based on equation 7.2. The use

of the limiter would create 2 states: limited and not limited. These states should be

taking into account during starter mode.

To get common control design for this controller, the open loop plant should be

derived in:

� Starter mode with iq not limited.

� Starter mode with iq limited.

� Generator mode with iq not limited.

� Generator mode with iq limited.

Open loop plant: Starter mode with iq not limited

Following Fig. 7-3 shows the block diagram in starter mode when iq is not limited:

o

qo

V
v

||

o

do

V
v

||
*
di∂ )()(1

)(
sCsP

sC
cc

c

+

)()(1
)(

sCsP
sC

cc

c

+)()(1
)(

sCsP
sC

ωω

ω

+

||V∂termsdfeedforwar

*
rω∂

dv∂

qv∂

*
qi∂

1dv∂

1qv∂

Figure 7-3: Linearized block diagram in starter mode when iq is not limited [6].

From above Fig. 7-3, can be obtained the transfer function: |V |
i∗d

(Fig. 7.3). Require

equations 4.2 and 4.3.

V

i∗d
=

(2ξwnL−R)s+ w2
nL

L(s2 + 2ξwns+ w2
n)

[
vd0
V0

(R + Ls) +
vq0
V0

Lwe0

]
(7.3)

In order to see that the transfer function is right a simulation has been per-

formance. This simulations consist of compare a step in open loop in the transfer
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function |V |
i∗d

whit a step provoke in the system in the simulation.
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Figure 7-4: Simulation to check the function transfer in comparison with the system
in the simulation.

7.1.2 Future prospect

Future prospect should be the following items. The analysis procedure should be the

same that in the previous case.

� Starter mode with iq limited.

� Generator mode with iq not limited.

� Generator mode with iq limited.
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7.1.3 PSIM simulation

Fig. 7-5 show the simulation results of the flux weakening for the rotor speed,magni-

tude voltage, iq torque current, id flux weakening current and torque versus time.

As can be seen, from the rotor speed graph, a step of the speed provokes an

increment of voltage magnitude. During the ramp of the magnitude voltage, iq current

is maximum.

Afterwards this maximum affects by generating a minimum in the flux weakening

current (0.5-1 min stage). In addition, positive shift in the torque affects the flux

weakening by decreasing in a lower stage than before, keeping it in a constant value

whilst the iq current keeps positive in a constant value (200A). When the torque shift

is negative, the iq current decreases (-100 A) as well and the flux weakening increases

in a constant stage (2-2.5 min stage).
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Figure 7-5: Flux weakening simulation results.
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Chapter 8

Conclusions

8.0.1 Specific conclusions

The specific conclusions can be summarised as follow:

i To simplified the SPMSM control system dq coordinates have been selected. In

addition, when the linear equation was obtained, the development of a PSIM

simulation allows future analysis for different operating points.

ii As first assignment, the implementation of non-linear equation was selected for the

entire range. For this simulation a cascade control was performed using the inter-

nal loop for controlling the current and the external loop is for the speed/torque

control.

iii For the first simulation some problems arose in the control speed due to high

bandwidth for the speed/torque control. This problem was solved by using an

active dumping coefficient.

iv Specific design was performed in order to fulfil the aircraft standard though the

final design. The result are more accurate comparing with the first model.

v Once the PIs have been designed, flux weakening is implemented to understand the

behaviour of the SPSM; seeing how the id current affect the flux of the machine.
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8.0.2 General conclusions and future prospect

The following general conclusions have been arisen from this work:

� Power Electronics can offer advantages in aerospace applications such as:

– System efficiency improvement.

– Aircraft systems size and weight reduction.

– Flexibility in several parts of the aircraft system.

� There are challenges for Power Electronics in this environment that should be

improved:

– Losses.

– Reliability.

– Integration.
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Appendix A

Simulation 1

Listing A.1: Codigo Matlab

clear a l l

close a l l

c lc

%%

load ( ' Maste r the s i s s im1 ' )

%% Read data

% Reducing the number o f data .

Npoints=1500;

t=DataRedP(Time , Npoints ) ;

i q=DataRedP( i q , Npoints ) ;

i q r e f=DataRedP( i q r e f , Npoints ) ;

i d=DataRedP( i d , Npoints ) ;

i d r e f=DataRedP( i d r e f , Npoints ) ;

T e=DataRedP(T e , Npoints ) ;

T L=DataRedP(T L , Npoints ) ;
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%% Plot 'Torque vs Angle v a r i a t i on in MTPA $ i {dq}$ ' and '

Currents vs Angle v a r i a t i on in MTPA $ i {dq}$ ' .

% Figure 1 :

s i z e l i n e =1.5 ;

s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x11 min=0;

x11 max=1e−3;

inc x11=linspace ( x11 min , x11 max , 1 1 ) ;

%inc x11=[x11 min −4 0 6 x11 max ] ;

y11 min=−1.5;

y11 max=1.5;

inc y11=linspace ( y11 min , y11 max , 7 ) ;

%inc y11=[y11 min −4 0 6 y11 max ] ;

f igure ( )

plot ( t , i d r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , i d , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

hold on ;

plot ( t , i q r e f , ' c ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , i q , 'm−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;
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ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

I=legend ( ' $ i {d}ˆ{*}$ ' , ' $ i {d}$ ' , ' $ i {q}ˆ{*}$ ' , ' $ i {q}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

t i t l e ( 'Current s tep response ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e

' , s i z e f o n t )

grid on ;

axis ( [ x11 min x11 max y11 min y11 max ] )

set (gca , 'XTick ' , [ i n c x11 ] )

set (gca , 'YTick ' , [ i n c y11 ] )

% mat l a b2 t i k z ( ' Simu la t i on 1 1 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;
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Appendix B

Simulation 2

Listing B.1: Codigo Matlab

clear a l l

close a l l

c lc

%%

load ( ' Maste r the s i s s im4 ' )

%% Read data

% Reducing the number o f data .

Npoints=1500;

t=DataRedP(Time , Npoints ) ;

w r=DataRedP(w r , Npoints ) ;

w r r e f=DataRedP( w r r e f , Npoints ) ;

i q=DataRedP( i q , Npoints ) ;

i q r e f=DataRedP( i q r e f , Npoints ) ;

i d=DataRedP( i d , Npoints ) ;

i d r e f=DataRedP( i d r e f , Npoints ) ;

T e=DataRedP(T e , Npoints ) ;

57



T L=DataRedP(T L , Npoints ) ;

%% Plot ' Speed s t ep response ' .

% Figure 1 :

s i z e l i n e =1.5 ;

s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x11 min=0;

x11 max=0.5;

inc x11=linspace ( x11 min , x11 max , 6 ) ;

%inc x11=[x11 min −4 0 6 x11 max ] ;

y11 min=0;

y11 max=2000;

inc y11=linspace ( y11 min , y11 max , 5 ) ;

%inc y11=[y11 min −4 0 6 y11 max ] ;

f igure ( )

plot ( t , w r rpm ref , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

hold on ;

plot ( t , w r rpm , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

ylabel ( '$w˜(rpm) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t

)

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )
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I=legend ( ' $w { r }ˆ{*}$ ' , ' $w { r}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( ' Speed step response ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x11 min x11 max y11 min y11 max ] )

set (gca , 'XTick ' , [ i n c x11 ] )

set (gca , 'YTick ' , [ i n c y11 ] )

% mat l a b2 t i k z ( ' Simu la t i on 2 1 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;

%% Plo t 'Rotor speed ' and 'Torque ' .

% Figure 2 :

s i z e l i n e =1.5 ;

s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x21 min=0;

x21 max=3;

inc x21=linspace ( x21 min , x21 max , 7 ) ;

%inc x21=[x21 min −4 0 6 x21 max ] ;

y21 min=0;

y21 max=3000;

inc y21=linspace ( y21 min , y21 max , 5 ) ;

%inc y21=[y21 min −4 0 6 y21 max ] ;
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% Subp lo t 2 :

x22 min=0;

x22 max=3;

inc x22=linspace ( x22 min , x22 max , 7 ) ;

%inc x22=[x22 min −4 0 6 x22 max ] ;

y22 min=−100;

y22 max=150;

inc y22=linspace ( y22 min , y22 max , 6 ) ;

%inc y22=[y22 min −4 0 6 y22 max ] ;

%

f igure ( )

subplot (211)

plot ( t , w r rpm ref , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

hold on ;

plot ( t , w r rpm , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

ylabel ( '$w˜(rpm) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t

)

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $w { r }ˆ{*}$ ' , ' $w { r}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Rotor speed ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;
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axis ( [ x21 min x21 max y21 min y21 max ] )

set (gca , 'XTick ' , [ i n c x21 ] )

set (gca , 'YTick ' , [ i n c y21 ] )

subplot (212)

plot ( t , T L , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , T e , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( '$T˜(N\ cdot m) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

I=legend ( ' $T {L}$ ' , ' $T {e}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Torque ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x22 min x22 max y22 min y22 max ] )

set (gca , 'XTick ' , [ i n c x22 ] )

set (gca , 'YTick ' , [ i n c y22 ] )

% mat l a b2 t i k z ( ' Simu la t i on 2 2 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;

%% Plo t 'Rotor speed ' , 'Currents in dq ax is ' and 'Torque ' .

% Figure 3 :

s i z e l i n e =1.5 ;
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s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x31 min=0;

x31 max=3;

inc x31=linspace ( x31 min , x31 max , 7 ) ;

%inc x31=[x31 min −4 0 6 x31 max ] ;

y31 min=0;

y31 max=3000;

inc y31=linspace ( y31 min , y31 max , 5 ) ;

%inc y31=[y31 min −4 0 6 y31 max ] ;

% Subp lo t 2 :

x32 min=0;

x32 max=3;

inc x32=linspace ( x32 min , x32 max , 7 ) ;

%inc x32=[x2 min −4 0 6 x32 max ] ;

y32 min=−600;

y32 max=800;

inc y32=linspace ( y32 min , y32 max , 8 ) ;

%inc y32=[y32 min −4 0 6 y32 max ] ;

%

% Subp lo t 3 :

x33 min=0;

x33 max=3;

inc x33=linspace ( x33 min , x33 max , 7 ) ;

%inc x33=[x33 min −4 0 6 x33 max ] ;

y33 min=−20;
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y33 max=10;

inc y33=linspace ( y33 min , y33 max , 7 ) ;

%inc y33=[y33 min −4 0 6 y33 max ] ;

%

% Subp lo t 4 :

x34 min=0;

x34 max=3;

inc x34=linspace ( x34 min , x34 max , 7 ) ;

%inc x34=[x34 min −4 0 6 x34 max ] ;

y34 min=−100;

y34 max=150;

inc y34=linspace ( y34 min , y34 max , 6 ) ;

%inc y34=[y34 min −4 0 6 y34 max ] ;

%

f igure ( )

subplot (411)

plot ( t , w r rpm ref , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

hold on ;

plot ( t , w r rpm , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , '

FontSize ' , s i z e a x i s ) ;

ylabel ( '$w˜(rpm) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t

)

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $w { r }ˆ{*}$ ' , ' $w { r}$ ' , . . .
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' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Rotor speed ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x31 min x31 max y31 min y31 max ] )

set (gca , 'XTick ' , [ i n c x31 ] )

set (gca , 'YTick ' , [ i n c y31 ] )

subplot (412)

plot ( t , i q r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , i q , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $ i {q}ˆ{*}$ ' , ' $ i {q}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Current in $q$ ax i s ( $ i {q}$ ) ' , ' i n t e r p r e t e r ' , ' Latex ' , '

f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x32 min x32 max y32 min y32 max ] )

set (gca , 'XTick ' , [ i n c x32 ] )

set (gca , 'YTick ' , [ i n c y32 ] )

subplot (413)
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plot ( t , i d r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , i d , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $ i {d}ˆ{*}$ ' , ' $ i {d}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Current in $d$ ax i s ( $ i {d}$ ) ' , ' i n t e r p r e t e r ' , ' Latex ' , '

f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x33 min x33 max y33 min y33 max ] )

set (gca , 'XTick ' , [ i n c x33 ] )

set (gca , 'YTick ' , [ i n c y33 ] )

subplot (414)

plot ( t , T L , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , T e , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( '$T˜(N\ cdot m) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

I=legend ( ' $T {L}$ ' , ' $T {e}$ ' , . . .
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' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Torque ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x34 min x34 max y34 min y34 max ] )

set (gca , 'XTick ' , [ i n c x34 ] )

set (gca , 'YTick ' , [ i n c y34 ] )

% mat l a b2 t i k z ( ' Simu la t i on 2 3 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;
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Appendix C

Simulation 3

Listing C.1: Codigo Matlab

clear a l l

close a l l

c lc

%%

load ( ' Maste r the s i s s im3 ' )

%% Read data

% Reducing the number o f data .

Npoints=1500;

t=DataRedP(Time , Npoints ) ;

w r=DataRedP(w r , Npoints ) ;

w r r e f=DataRedP( w r r e f , Npoints ) ;

i q=DataRedP( i q , Npoints ) ;

i q r e f=DataRedP( i q r e f , Npoints ) ;

i d=DataRedP( i d , Npoints ) ;

i d r e f=DataRedP( i d r e f , Npoints ) ;

T e=DataRedP(T e , Npoints ) ;
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T L=DataRedP(T L , Npoints ) ;

%% Plot ' Speed s t ep response ' .

% Figure 1 :

s i z e l i n e =1.5 ;

s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x11 min=0;

x11 max=0.5;

inc x11=linspace ( x11 min , x11 max , 6 ) ;

%inc x11=[x11 min −4 0 6 x11 max ] ;

y11 min=0;

y11 max=20;

inc y11=linspace ( y11 min , y11 max , 5 ) ;

%inc y11=[y11 min −4 0 6 y11 max ] ;

f igure ( )

plot ( t , w r r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , w r , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( '$w˜(rpm) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t

)

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )
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I=legend ( ' $w { r }ˆ{*}$ ' , ' $w { r}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( ' Speed step response ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x11 min x11 max y11 min y11 max ] )

set (gca , 'XTick ' , [ i n c x11 ] )

set (gca , 'YTick ' , [ i n c y11 ] )

% mat l a b2 t i k z ( ' Simu la t i on 3 1 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;

%% Plo t 'Rotor speed ' , 'Currents in dq ax is ' and 'Torque ' .

% Figure 2 :

s i z e l i n e =1.5 ;

s i z e f o n t =12;

s i z e a x i s =9;

% Subp lo t 1 :

x21 min=0;

x21 max=3;

inc x21=linspace ( x21 min , x21 max , 7 ) ;

%inc x21=[x21 min −4 0 6 x21 max ] ;

y21 min=0;

y21 max=40;

inc y21=linspace ( y21 min , y21 max , 5 ) ;

%inc y21=[y21 min −4 0 6 y21 max ] ;
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% Subp lo t 2 :

x22 min=0;

x22 max=3;

inc x22=linspace ( x22 min , x22 max , 7 ) ;

%inc x22=[x22 min −4 0 6 x22 max ] ;

y22 min=−500;

y22 max=1000;

inc y22=linspace ( y22 min , y22 max , 7 ) ;

%inc y22=[y22 min −4 0 6 y22 max ] ;

%

% Subp lo t 3 :

x23 min=0;

x23 max=3;

inc x23=linspace ( x23 min , x23 max , 7 ) ;

%inc x23=[x23 min −4 0 6 x23 max ] ;

y23 min=−20;

y23 max=10;

inc y23=linspace ( y23 min , y23 max , 7 ) ;

%inc y23=[y23 min −4 0 6 y23 max ] ;

%

% Subp lo t 4 :

x24 min=0;

x24 max=3;

inc x24=linspace ( x24 min , x24 max , 7 ) ;

%inc x24=[x24 min −4 0 6 x24 max ] ;

y24 min=−100;

y24 max=200;

inc y24=linspace ( y24 min , y24 max , 7 ) ;
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%inc y24=[y24 min −4 0 6 y24 max ] ;

%

f igure ( )

subplot (411)

plot ( t , w r r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , w r , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( '$w˜(rpm) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t

)

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $w { r }ˆ{*}$ ' , ' $w { r}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Rotor speed ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x21 min x21 max y21 min y21 max ] )

set (gca , 'XTick ' , [ i n c x21 ] )

set (gca , 'YTick ' , [ i n c y21 ] )

subplot (412)

plot ( t , i q r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;
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plot ( t , i q , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $ i {q}ˆ{*}$ ' , ' $ i {q}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Current in $q$ ax i s ( $ i {q}$ ) ' , ' i n t e r p r e t e r ' , ' Latex ' , '

f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x22 min x22 max y22 min y22 max ] )

set (gca , 'XTick ' , [ i n c x22 ] )

set (gca , 'YTick ' , [ i n c y22 ] )

subplot (413)

plot ( t , i d r e f , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , i d , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

% x l a b e l ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

I=legend ( ' $ i {d}ˆ{*}$ ' , ' $ i {d}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Current in $d$ ax i s ( $ i {d}$ ) ' , ' i n t e r p r e t e r ' , ' Latex ' , '

f o n t s i z e ' , s i z e f o n t )
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set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x23 min x23 max y23 min y23 max ] )

set (gca , 'XTick ' , [ i n c x23 ] )

set (gca , 'YTick ' , [ i n c y23 ] )

subplot (414)

plot ( t , T L , ' g ' , 'LineWidth ' , s i z e l i n e ) ; set (gca , ' FontSize ' ,

s i z e a x i s ) ;

hold on ;

plot ( t , T e , 'b−. ' , 'LineWidth ' , s i z e l i n e −0.5) ; set (gca , ' FontSize

' , s i z e a x i s ) ;

ylabel ( '$T˜(N\ cdot m) $ ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' ,

s i z e f o n t )

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

I=legend ( ' $T {L}$ ' , ' $T {e}$ ' , . . .

' f o n t s i z e ' , s i z e f o n t , ' Locat ion ' , 'East ' ) ;

t i t l e ( 'Torque ' , ' i n t e r p r e t e r ' , ' Latex ' , ' f o n t s i z e ' , s i z e f o n t )

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

grid on ;

axis ( [ x24 min x24 max y24 min y24 max ] )

set (gca , 'XTick ' , [ i n c x24 ] )

set (gca , 'YTick ' , [ i n c y24 ] )

% mat l a b2 t i k z ( ' Simu la t i on 3 2 . t i k z ' , ' he igh t ' , '\ f i g u r e h e i g h t

' , . . .

% 'width ' , '\ f i gu r ew id t h ' ) ;

73



74



Appendix D

Transfer function with iq not

limited

Listing D.1: Codigo Matlab

clear a l l

close a l l

c lc

%% Sta r t e r mode wi th i q r e f not l im i t e d :

s=t f ( ' s ' ) ;

% Var iab l e s : i d q / i d q *

BWi Hz=1000; % Bandwidth (Hz)

Xi i=sqrt (2 ) /2 ; %

w ni=2*pi*BWi Hz ; %

L=99e−6; % Sta tor inductance in r o t a t i n g frame (H)

Lq=Ld=L

R=1.058e−3; % Sta tor r e s i s t ance , Rs (Ohm) R=Rs

% Transfer f unc t i on : i d q / i d q *

G idq i dq r e f =((2*Xi i *w ni*L−R) * s+w ni ˆ2*L) /(L*( s ˆ2+2*Xi i *
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w ni* s+w ni ˆ2) )

% s i s o t o o l ( G i d q i d q r e f )

% Var iab l e s : d |V|/ i d *

v d0=−1.2428925e−001;

v q0=1.5588457 e+002;

Vmag0=1.5588457 e+002;

w e0=6.2831853 e+003;

% Transfer f unc t i on : d |V|/ i d *

G V id re f=G idq i dq r e f * [ ( v d0/Vmag0) *(R+L* s )+(v q0/Vmag0) *(

L*w e0 ) ]

% s i s o t o o l ( G V id re f )

%%

load ( ' i q n o t l im i t e d ' )

%%

%% Read data

% Reducing the number o f data .

[ s t ep re sponse , t s t e p ]= step ( G V id re f ) ;

Npoints=length ( t s t e p ) ;

t=DataRedP(Time , Npoints ) ;

Time=DataRedP(Time , Npoints ) ;

i d=DataRedP( i d , Npoints ) ;

i d (104)=i d (103) ;

[ s t ep re sponse , t s t e p ]= step ( G V id re f ) ;

plot ( t s t ep , s t ep r e spon s e )

hold on
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plot ( t s t ep , i d +1.1747676 e+002)

ylabel ( ' $ i ˜(A) $ ' , ' i n t e r p r e t e r ' , ' Latex ' )

xlabel ( 'Time ( s ) ' , ' i n t e r p r e t e r ' , ' Latex ' )

I=legend ( ' $ i {d {FUNCTION}}ˆ*$ ' , ' $ i {d {SYSTEM}}ˆ*$ ' , . . .

' Locat ion ' , 'East ' ) ;

set ( I , ' I n t e r p r e t e r ' , ' Latex ' ) ;

t i t l e ( ' Step response $\ f r a c {V}{ i d }$ : FUNCTION vs SYSTEM ' , '

i n t e r p r e t e r ' , ' Latex ' )

grid on ;
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