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Abstract

This master’s thesis investigates the use of advanced control techniques to improve the per-
formance and efficiency of electrically excited synchronous motors (EESMs) in a variety of
industrial applications. It is worth noting that EESMs have various advantages, such as high ef-
ficiency, controllability, and robustness, making them suitable for a wide range of applications,
including electric vehicles, renewable energy systems, and industrial machinery. However, it is
a matter of concern to obtain optimal control solutions due to the nonlinearity of their dynam-
ics, parameter variations, and disturbances. This thesis focuses on various advanced control
strategies for Electrically Excited Synchronous Motors (EESMs) with regard to Flux Weaken-
ing, Integration Control and Optimization Issues. The study examines the development and
implementation of Maximum Torque Per Ampere (MTPA), Flux Weakening, and Maximum
Torque Per Voltage (MTPV) strategies for improving EESM performance and efficiency under
different operational conditions.






Chapter 1

Introduction

1.1 Background

Electrically Excited Synchronous Motors (EESMs) have gained popularity in electric motor
applications due to their inherent benefits. EESMs use field windings in the rotor instead of
permanent magnets for field excitation, like in PMSMs [1]. This configuration provides a unique
advantage: being an effective way to control the rotor field current and therefore providing a
means of adjusting the motor for various needs at different operating points [2].

This implies that the control of EESMs is very important in ensuring that it operates at its
best efficiency and reliability, especially when used in electric vehicles, industrial drives, and
renewable energy systems where torque and speed are very important factors [3]. This thesis
explores high-level control of EESMs using flux weakening control, which comprises MTPA,
flux weakening, and MTPV.

1.2 Motivation

The growing demand for electric motors in high-performance applications necessitates control
solutions to enhance EESM efficiency and torque levels. Some traditional control strategies
could potentially fail to optimize the capacity of EESMs, particularly when in different loads
and speeds. Flux weakening control can be identified as an effective solution to expand the
operational range of the motor beyond the base speed without a negative impact on any of the
characteristics [1].

MTPA, flux weakening, and MTPV control strategies help the motor to achieve high effi-
ciency in all zones of the torque-speed plane [4]. MTPA increases the current-to-torque ratio
to get the maximum torque from the system, the flux weakening enables the motor to run at a

high speed by reducing the total flux, and MTPV improves the torque-to-speed control under
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voltage-limited conditions [S]. These solutions provide an integrated approach to managing

EESMs, improving their usability in various applications [6].

1.3 Objectives

This thesis aims to build and test an EESM speed control strategy combining MTPA, flux weak-
ening, and MTPV approaches. The specific goals include:

1. Developing a control algorithm that suits the MTPA, MTPV and the flux weakening
strategies. The control algorithm proposed must be incorporated into a simulation plat-

form to assess the effectiveness of the control.

2. Evaluating the behavior of the control algorithm in various situations such as at different

loads and speed settings.

3. Following the comparison between the proposed control technique and the conventional
control methodologies to showcase the benefits in efficiency and torque output of the

former.

1.4 Scope of the Thesis

The organisation of this thesis is as follows, to give an overall understanding of the control
strategies of EESMs with specific attention to flux weakening control. The key areas covered

include: The key areas covered include:

* Literature Review: The following is a discussion of the literature on control strategies

in EESMs with a focus on the strengths and weaknesses of existing methodologies.

* Theoretical Framework: A detailed description of the functions, equations, and princi-

ples that apply to MTPA, flux weakening, and MTPV techniques.

* Control Algorithm Design: The synthesis of the three control approaches to produce a
single control algorithm of the process, together with an explanation of how the control

laws will be derived and how the control will be accomplished.

* Simulation and Analysis: Also, the control algorithm is implemented in a simulation

environment and its performance is analyzed under various operating conditions

* Results and Discussion: A detailed presentation of the results, and a discussion of the

implications of the findings.



* Conclusion and Future Work: A summary of the key contributions of the thesis, along

with suggestions for future research directions.

1.5 Thesis Organization

The thesis is structured as follows:

Part I: Linear Model of EESM

* Introduction - Provides a summary of the thesis, including background, motivation,

aims, scope, and organization.

* Theoretical Framework for Linear Model - Explores the theoretical foundations and

mathematical modeling of the EESM linear model.

* Linear Model Control Algorithm Design - Includes MTPA, flux weakening, and MTPV

techniques.

* Simulation and Analysis of Linear Model - Provides simulation setup, results, and

performance analysis under various operating situations.

Part I1: Nonlinear Model of EESM

¢ Theoretical Framework for Nonlinear Model - Discusses the theoretical foundations

and mathematical modelling of the EESM nonlinear model.

* Nonlinear Model Control Algorithm Design - Details the development of the control
algorithm for the nonlinear model, integrating MTPA, flux weakening, and MTPV strate-

gies.

e Simulation and Analysis of Nonlinear Model - Presents the simulation setup for the

nonlinear model, results, and performance analysis under various operating conditions.

* Conclusion and Future Work - Summarizes the key contributions of the thesis, the

implications of the findings, and suggests directions for future research.

1.6 Summary

Research on Electrically Excited Synchronous Motors (EESMs) control is important and has

the potential to improve the effectiveness and performance of many different electric motor
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applications. By creating and executing a thorough control approach that combines MTPA, flux
weakening, and MTPV methodologies, this thesis seeks to advance this subject. This work aims
to show the effectiveness of the suggested methodology and its advantages over conventional
control approaches through theoretical research, simulation, and experimental validation. The
intricacies of this project will be covered in full in the upcoming chapters, which will begin

with a survey of the body of research on EESM control techniques.



Chapter 2

Linear Model of the Motor

2.0.1 EESM Structure

EESM, which stands for Electrically Excited Synchronous Motor (EESM), is known for its
sophisticated and extremely optimized design that ensures excellent performance and control
[7]. Typically, the armature windings of the stator of EESM are located in slots made of steel
laminated cores. These slots are designed to ensure distribution and management of current in a
layered configuration. Mostly these windings are connected in parallel paths in order to improve
efficiency and reduce electrical losses. To maximize the use of space while maintaining good
insulation and thermal management, stators have precise slot dimensions that enhance both the
fill factor and good insulation [8].

This sets apart EESM’s rotor from other synchronous motors because it comes with field
windings instead of permanent magnets. These field windings are energized by an external DC
power source through slip rings and brushes, enabling the creation of a magnetic field. The
latter is particularly true for wound rotor (WR) machines [7], which provide a way to increase
maximum speed. Controlling the rotor flux can be done using excitation winding. As such, less
voltage is needed on stator winding since lower back-electromotive force occurs on stator [9].
Also, structural elements like pole shoes and pole necks are incorporated in the rotor to assist
in determining or shaping the magnetic field that is produced by windings. Furthermore, a
permanent magnet can be included in the rotor to further improve on its ability to produce
stronger and more stable magnetic fields.

The EESM’s operation depends on how the stator and rotor magnetic fields interact. When
AC current flows through stator windings, they generate a rotary magnetic field. A direct current
(DC) supplied to rotor field windings creates a constant magnetic field interacting with rotating
one of the stator [10]. As a result, the rotor synchronizes with this rotating magnetic Field of
the stator allowing Motor to operate at a speed, which is directly proportional to the frequency

of an alternating Current supply [11].



Figure 2.1: EESM Wounded Rotor Structure

Efficient magnetic coupling and minimal losses are achieved by carefully designing air gap
between stator and rotor. Dynamic control of excitation current going into rotor also offers
significant benefits including optimizing torque production and operational efficiency over large
speed range and loads. This dynamic control capability also enables the EESM to adjust its
power factor and reactive power, making it highly suitable for applications that demand precise
control and high efficiency, such as in industrial drives, electric vehicles, and renewable energy
systems. The robust construction and advanced control features of the EESM contribute to its

reliability and performance in demanding environments [12].

2.0.2 Rotating dq Reference Frame

The concept of rotating the dq reference frame is one of the most basic in analyzing and control-
ling AC machines, including Electrically Excited Synchronous Motors (EESM). This reference
frame coincides with the magnetic field of the rotor and rotates at the electrical angular speed
synchronously with it [13], which is a product of motor’s mechanical angular speed and its pole
pairs. which rotates at the angular speed w, = pw,,, where w,, is the rotor speed and p is the
number of pole pairs. The direct d-axis is aligned with the rotor flux [14], and the quadrature
g-axis is orthogonal to it. Under steady-state operating conditions, this transformation simpli-
fies analysis and control of the motor by enabling conversion from three-phase stator currents
and voltages to steady-state DC values in two-axis (dq) system. In this way alternating quanti-
ties are converted into constant ones during steady state operation. The d axis in the dq frame

is aligned with rotor flux while q axis is perpendicular to it. It makes torque independent on
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Figure 2.2: dq axis frame

flux-producing components of currents flowing through a motor thus enabling more efficient
and precise control strategies such as direct torque control (DTC) and field-oriented control
(FOC). Thus, torque production optimization algorithms that improve motor efficiency can be
easily implemented using advanced control schemes tailored for rotating dq reference frame
proposed.

The transformation from the three-phase abc frame to the dq frame is accomplished using

the Park transformation. The transformation equations are:

i=2 (z‘a cos(f) + iy cos (9 —~ 2—7) + i cos (9 + Z—W)) 2.1)
3 3 3
2 2 2

0=3 (z sin(6) + iy sin (9 - %) +icsin (0 + %)) 22)

where 7., 15, and 7. are the phase currents and 6 is the rotor electrical angle.

2.0.3 Voltage Equations of the Motor

In the dq reference frame, the voltage equations for the stator and rotor windings of the EESM

can be expressed as follows:

dipg

Ug = Rsiq + 7 Welg, (2.3)
d
Ug = Ryiq + % + wed, 2.4)

where:
* uq and u, are the d-axis and g-axis stator voltages, respectively.

* Rj is the stator winding resistance.



* i4 and i, are the d-axis and g-axis stator currents, respectively.
* 14 and 1), are the d-axis and g-axis stator flux linkages, respectively.
* w, is the electrical angular speed of the rotor.

The rotor voltage equation for the excitation winding is given by:

dipe
dt’

Ue = Rete + (2.5)

where:

* u, 1s the excitation voltage.

* R, is the rotor winding resistance.
* i, 1s the excitation current.

* 1), is the excitation flux linkage.

2.0.4 Flux Linkage Equations

To ease the presentation of the proposed flux-weakening algorithm, linear current-to-flux link-
age characteristics are assumed. The flux linkage equations in the dq reference frame are given
by:

wd = Limic + Lgiq (2.6)

o = Lyiq, 2.7
3

we - Leze + §Lmzd7 (28)

where:
* Lgand L, are the d-axis and g-axis inductances, respectively.
e [. is the excitation inductance.

* M. is the mutual inductance between the stator d-axis and the rotor excitation winding.
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2.0.5 Torque Equation

The torque produced by the EESM can be expressed in terms of the flux linkages and currents

as:

3
T = §P(¢diq — 1qiq), (2.9)

Substituting the flux linkage equations (2.6) and (2.7) into the torque equation (2.9), we get:

3
T = P [(Linie + (Lg — Lg)ia)ig) , (2.10)

where:
* T'is the electromagnetic torque.
* pis the number of pole pairs.

This torque equation shows that the torque is a function of both the stator and rotor currents

as well as the flux linkages.

2.1 Base Point Calculation
Starting from the torque equation for an EESM:
3 . N
T= 5]9 [(Limte + (Lg — Lg)iq) ig) (2.11)

Substitute i, = I sin(«) and iy = I cos(a):

T = gp [(Limie + (Lg — Lg)I cos(a)) I sin(v)] (2.12)

Simplify this expression:

T = gpf sin(@) (Lo + (La — Ly)I cos(a)] 2.13)

Let Iy represent the magnitude of the stator current /:

3
T = §p[N sin(a) [Lyte + Iy cos(a)(Lg — Ly)] (2.14)
This is the desired torque equation:
3 . .
T= §pIN sin(a) (Lyte + Iy cos(a)(Lg — Ly)) (2.15)
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To find the optimal angle o, we set the derivative of the torque with respect to « to zero:

dr

=

0 (2.16)

Taking the derivative of 1" with respect to «:

Z—Z = gp[N [cos(a) (Lie + In cos(a)(Lg — Lq)) — Insin®(a)(Lg — Lg)] =0 (2.17)

Simplify and rearrange the equation:

cos(a) (Lpie + Iy cos(a)(Lg — Ly)) = Iy sin®(a)(Lg — L) (2.18)

Substitute sin?(a) = 1 — cos?(a):

cos() (Lyic + In cos(a)(Lg — Ly)) = In(1 — cos?(a))(Lg — Ly) (2.19)

Rearrange the terms:

cos(a) Loyie + Iy cos*(a)(Lg — Ly) = In(Lg — Ly) — Iy cos*(a)(Lg — Ly) (2.20)
Combine like terms:

cos(a) Lyie + 21y cos®(a)(Lg — Ly) = In(Lg — L) (2.21)

Let z = cos():

T Lic + 2Iy2*(Lg — Ly) = In(Lg — L) (2.22)

Rearrange into a quadratic equation:

2IN(Lg — Ly)2* + Lyicr — In(Lg — Ly) =0 (2.23)

Solve the quadratic equation for z:

—Li. £ L,,i.)? +8(Ly — L,)%I?
T = l \/( ¢ ) + ( d Q) N (224)
A(Lg — Ly)In

Therefore,
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_Lmie + \/(Lmz‘e)2 + 8(Ld _ Lq)2[]2\/

cos(a) = (2.25)
(@) 4(Lg — Ly)In
Thus, the optimal angle « is:
_Lmie + \/(Lmi6)2 + S(Ld B LQ)QIJQV
(v = arccos (2.26)
< A(Lg— Ly)Iy

By solving the torque optimization equations, we obtain the following results for the motor
parameters: the optimal angle o = 62.47°, the direct-axis current /; = 340.2 A, the quadrature-
axis current /, = 652.66 A, the maximum torque at base speed 7 = 1177 N - m, and the base
speed Wp = Vi = 1570rad/s.

\/(Ldld+L7rLI€)2+(LqI(I)2
By solving the torque optimization equations, we obtain the following results for the motor

parameters:

Optimal angle: o = 62.47°

Direct-axis current: [, = 340.2 A

Quadrature-axis current: [, = 652.66 A

* Maximum torque at base speed: 7 = 1177N - m

Base speed:
v
Wg = N = 1560rad/s
\/(Ldjd + Lm[e)2 + (Lq[q)2

These numbers indicate the EESM’s best performance variables for the specified working
condition. The optimum « angle ensures quick achievement of maximum torque, while direct
and quadrature axis currents are responsible for this optimal work rate. The calculation of the
base speed shows that at the rated voltage Vy, the motor has a base speed of 1560 rad/s.

In figure 3 above, it depicts the limit circle and motor operating limits curves, and also

shows the nominal torque curve with ellipse at base speed.

2.1.1 Summary

The aforementioned equations present an inclusive mathematical model of EESM in rotating dq
reference frame. This model provides a starting point for control strategies development such
as Maximum Torque per Ampere (MTPA), flux weakening, and Maximum Torque per Voltage
(MTPV) which will be highlighted on later chapters. By assuming linear current-to-flux linkage

characteristics in this case, these control algorithms can be easily analysed and designed.
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Figure 2.3: The (i4,%,) plane representing current and voltage constraints

2.2 MTPA, FLux Weakening, and MTPYV Control Startegies

In this part, we will discuss the methods of controlling the weakening of flux in EESM. We will
focus on the Maximum Torque Per Ampere (MTPA), flux weakening, and Maximum Torque
Per Voltage (MTPV) strategies. These are techniques that have been implemented to expand
the field of operation of the motor while ensuring that it remains highly effective under different

speed and load conditions.

2.2.1 Current and Voltage Constraints for EESM

Real applications have some constraints to prevent damages or failures. The minimum value
of maximum for each component must be chosen as the maximum magnitude of current and
voltage that system can handle. To maintain these within their limits, following restrictions
should apply:
2 2 2
[hlig +i, < I 2.1

S,max
v+l < Vi (2.2)

This section examines previously introduced constraints and provides a limit in (74, ¢,) coordi-
nates. In order to graphically illustrate this restriction with a plane, here is an example:

The first limit, that is expressed by equation (2.1), makes the current vector magnitude to be

14



lower than the maximum nominal current. Graphically, it consists of a circle centered at (0, 0)
in the (74, 7,) plane with a radius equal to /; na. This bound will be called the circle limitation.

Taking into account the voltage limitation expressed by equation (2.2), we can re-manage
the bound relation to describe an allowable current area in the (i4,,) plane. Neglecting the
voltage drop due to the current that flows through the stator resistance Ry, the limitation can be

rewritten as follows:

Lt . 2 2.9 ‘/;,max ?
Ld ( Ld +Zd) +Lq7“q S (W) (23)

Thus, the allowable region for voltage restriction is represented by an ellipse centred at
(—LZ—‘;@, 0> .This kind of current limit will be referred to as a voltage ellipse bound. The per-
missible points of operation are all (i4, i,) pairs lying inside the region described by the voltage

ellipse and current circle..

2.2.2 Current Trajectory

tis very important to define what makes up an admissible control area in terms of (7,4, i,) so that
the motor can work properly within its own current and voltage limits. Once this area has been
set up, different classical control techniques could then be employed with a view to optimizing
motor performance regarding current consumption, torque production, and speed [9].

One such widely used technique is the Maximum Torque Per Ampere (MTPA) control strat-
egy. It aims to minimize the current that is required to generate the reference torque. By identi-
fying the optimum (4, i,) trajectory, MTPA guarantees the best performance with reduced iron
losses. The MTPA trajectory holds true up till base speed, w,;. beyond which flux magnitude
must be decreased in order to achieve higher speeds [15].

In addition to MTPA, another important strategy is Maximum Torque Per Voltage (MTPV)
trajectory. This method becomes necessary at higher speeds where it is crucial to reduce the
current amplitude to stay within the voltage limits of the motor. This region is known as the
voltage-limited region.

The current trajectory can be divided into distinct segments:

* OA: Represents the MTPA trajectory where the motor operates efficiently by minimizing

current consumption.

* AB: Denotes the flux weakening with a constant current trajectory, allowing the motor to
achieve speeds higher than the base speed.

* BC: Corresponds to the Maximum Torque Per Voltage (MTPV) trajectory, essential for

maintaining torque output while respecting voltage constraints at high speeds.
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Figure 2.4: Typical (i4,i,) current trajectory for IPM motors.

These control strategies are essential for optimizing the performance of EESM motors, en-
suring they operate within safe electrical limits while delivering the required torque and speed

characteristics.

2.2.3 MTPA Trajectory

the torque equation of an EESM in the d—q reference frame can be expressed as:

T, = ny, [(Lg — Ly)idiq + Liiei) (2.27)

As described by Equation 27, we can obtain the same amount of torque with different com-
binations of i4 and ¢,. It is possible to express a current vector in the d—q reference frame by

using its magnitude and the angle described by the vector itself and the real axis:

tqg = Insinf (2.28)
iqg = Iy cos B

Then as explained above the base point can be found with the specified Id and Iq value which
are 340 A and 652 A respectively.
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Figure 2.5: Limit Circle Diagram exhibiting Torque curve with MTPA Trajectory

2.2.4 Flux Weakening Trajectory

The previous strategy is suitable up to the base speed, wj, in motor coordinates. At base speed,
the terminal voltage of the motor reaches its maximum value. To increase the motor speed
beyond this point, a control strategy to reduce the stator flux must be implemented. By applying
a demagnetizing magnetomotive force (MMF) through the manipulation of stator currents, the
effective MMF generated can be reduced, allowing the motor speed to increase. This strategy
is known as field-weakening (FW). This transition occurs at point A in Figure 4, where the

BackEMF force equals the maximum voltage that can be supplied to the motor.

Vmax = wb|1/}tot| (229)

When w,, is greater than wy, the maximum || allowed is:

Vmax

Wh

|¢tot| =

(2.30)

To achieve a smaller flux magnitude, a common strategy is to increase the 5 current angle.
By increasing the current angle, the demagnetizing component, which is opposite to the flux
component L,,i., becomes larger, thereby reducing the overall flux amplitude. This behavior is

evident from the flux components in the motor model equations:

Vg = Lqiq + L.
¢q = Lqiq

(2.31)
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This set of equations is also known as the magnetic model. A typical flux weakening trajec-
tory for an EESM is the AB arc in Figure 4.
Additionally, high operating speeds can be managed through the following derived equation:

2
(@) — (Lo + Laly cosa)? + (LI sina)? (2.32)

w

Expanding and solving for a:

Vo 2
(cos a)® ((Laln)? = (LoIn)?) 4 2LpmicLaln cos a + (LyIn)® + (Linic)” — ML I

w
(2.33)

By solving this equation, we can determine the optimal ¢, ¢4, and 7, values for flux weak-
ening, ensuring that the motor operates efficiently at high speeds while maintaining the desired

performance.

2.2.,5 Maximum Torque Per Voltage (MTPYV)

The Maximum Torque Per Voltage (MTPV) operation takes place at very high speeds in the
field-weakening (FW) area of an EESM motor. In this area, the major constraint becomes
voltage limit. After reaching a certain speed point, max torque is no longer achievable by
utilizing full inverter current. At this point, the current references must be derived based on the
tangential intersection between the torque curves and the shrinking voltage ellipses [16].

To derive the MTPV currents for an EESM motor, we start with looking at voltage equation

under field-weakening (FW) operation. Equation for voltage in terms of flux linkages is:
14 ? 2 2
(E) — )\d + )\q

where \y = L, I. + Lglgand A\, = L,1,.

Substituting Ay and )\, into the voltage equation, we get:

% 2
(—) = (L. + Lgly)? + (L,1,)?

w

To simplify the analysis, we introduce a new current term /., such that L,,I. + Lyl; =

L,1,.5,. Substituting this into the voltage equation, we have:

(K) L (Llan + (LoD,

w

Rewriting, we obtain:
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V 2
(o) =i+
q

This represents a new limit circle in the I, and I, plane with a radius of —/—. Here, I, is
q

given by:

Lm[e + Ld[d

Lier, = 7

q

Next, we consider the torque equation:

3
T = P (LI, + (Lg — Ly) 1l

i i i Lql _L"LI
Substituting /, in terms of /4., where [; = =4~ —=-—< dC"Ld

<, the torque equation becomes:

Lolgen — L
=2 Lol I, + (Lg — L) | £ ——m2e ) 1,
2 Lqg

Simplifying, we get:

3 (L
T = =p —4 [Lm[e -+ (Ld — Lq)[dch] Iq
2 Ly

Given the new limit circle, we know:

V %
L, = w—chosﬂ and I, = W—quinﬁ

Substituting these into the torque equation, we have:

T = ;p (ﬁ—i) {mee + (Lg — Ly) (wLLq cos ﬁ)] <wLLq sin ﬁ)

To find the optimal angle 3, we solve for ‘Cll—g =0:

2
7= () (ﬁ) [Lindecos § + (La — Ly) (cos?  —sin? 5)]

Setting this to zero:
Lyl cosfB+ (Lqg— L) (cos2 B — sin® ﬁ) =0
Simplifying and solving for cos 3, we get:
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2
S \/(Lmle)2 +8(La— L) (%)

La- L) (%)

With cos 8 known, we can determine 3 and subsequently /., and I:

cos B =

Lo = w—chosB
Vo
I, = w—LSlnﬁ

q

Finally, /; can be found using [.:

- Lq[dch - Lm[e
= I
Thus, I; and I, produced through these steps are actually MTPV currents for EESM motor.

Iy

This ensures that optimal performance is achieved under voltage constraint at high speeds.

Torque Maximum
A Torque
Line
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MTPA', _ Region  MTPV
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0 3 : i > Speed

w) Wo w3

Figure 2.6: Torque Vs Speed Characteristics

The torque-speed curve of an EESM motor can be divided into three distinct regions: Maxi-
mum Torque Per Ampere (MTPA) region, Field-Weakening (FW) region, and Maximum Torque
Per Voltage (MTPV) region. These regions use different control strategies to maximize motor
performance under varying speed conditions.

MTPA region is a torque-speed area in which the motor runs at its maximum available
torque by optimizing the current in windings of stator. This area is defined from A to B on the
torque-speed curve. In so doing, the control scheme for maintaining this condition makes sure
that the motor produces maximum torque per unit of current by suitably manipulating id and iq
currents.

While speed increases up to base speed wp, the torque remains constant but it is at its highest
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value. MTPA control ensures that minimum possible current draw is achieved by aligning the
current vector while maximizing torques output.

Beyond base speed wp, FW region starts indicated by line segment BC on the torque —speed
curve. Here, further increase in speed can only be obtained through reducing stator flux as
indicated by an upper limit established for terminal voltage.

The FW control strategy entails changing stator currents so that a de-magnetizing magne-
tomotive force (MMF) arises. This results into reduced flux linkage that occurs within a motor
enabling it to reach higher speeds; however it leads to lower torque as rotational velocity goes
up.

Both current and voltage limitations are highly influential in curtailing any rise of the torques
during FW operating modes. The voltage ellipse shrinks as the speed increases, pushing the
operating point towards the center.

At very high speeds, the motor works in the MTPV region, after point C on the torque-speed
curve. In this region, achieving maximum torque is limited by the available voltage and current.
The MTPV control strategy gets the current references from where the torque curves intersect
and cross tangentially with shrinking voltage ellipses.

The torque continues to decrease while the speed increases in the MTPV region. The solu-
tion of the current limit and voltage limit equations gives the optimal current references for this
region. The objective here is to maximize the speed while keeping the torque within limits of
voltage and current that the motor can handle.

The graph above depicts the transition through these areas, as speeds increases past base
speed and torque falls. The above attribute is intrinsic to high-speed EESM motors since a

variety of control strategies are used to better the performance for various operating scenarios.

2.3 Speed Control of EESM Linear Model

This part explains the speed control method of Externally Excited Synchronous Machines
(EESMs) that is almost the same as that of Interior Permanent Magnet (IPM) machines. The
control architecture of the vehicle uses a PI controller for speed regulation, and current controls
blocks and other higher function blocks such as MTPA (Maximum Torque per Ampere), FW
(Field Weakening), and MPTV (Maximum torque per voltage).

Figure ?? illustrates the overall block diagram of the speed control system for EESM.

The overall control system operates as follows:

1. Speed PI Controller: The desired speed (w,.s) is compared with the actual speed (w) of
the motor. The error is processed by a Proportional-Integral (PI) controller to generate a

torque reference (7).
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Figure 2.7: Speed Control Block Diagram

2. MTPA/FW/MTPV Control Block: The torque reference is fed into a control block
that selects the appropriate strategy based on the operating region. As mentioned in the
sections above, the MTPA strategy is used for low-speed operation to maximize torque
per ampere. As the speed increases, the system transitions to the FW region to extend the
speed range by weakening the magnetic field. At very high speeds, the MTPV strategy

ensures optimal torque output within voltage limits.

3. Current Control Block: The selected strategy determines the reference currents (iq,¢f
and 7, ,.r), which are then regulated by the current control block. This block typically
includes PI controllers for both ¢, and i,, ensuring that the motor currents follow their

respective reference values accurately.

This overall block diagram illustrates the high-level view of the speed control strategy
applied for EESM. Each component—current control blocks, speed PI controller, and MT-
PA/FW/MTPV control block—has a very important role in ensuring that it achieves the best
possible motor performance within this wide range of variation in operating conditions.

In the following sections of the thesis, we will look at each of these components in great de-
tail. We will first of all look in detail at the current methodology in place, discussing specifically
how d-axis current and g-axis current controllers have been developed and integrated into their
respective controls. We will then examine the speed PI control with even greater resolution,
considering its tuning and characteristics. To complete this aspect of the description, we will
also present in detail the MTPA, FW, and MTPV control strategies and how all of these can be

dovetailed into an overall speed control system to significantly improve EESM performance.
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2.4 Current Control

In control of electric machines, especially for the EESM motor, large dependence on the level of
d-axis and g-axis currents is placed in order to realize its optimum operation. Usually, the d—axis
current, ¢4, controls the magnetic flux in the machine, with the g—axis current, i,, responsible
for the torque production. With independent control of these currents, it should be possible to
ensure optimum performance of the motor under various operating conditions.

For instance, in the MTPA operational strategy, the currents are controlled by enabling the
torque efficiency in lower speed operations. The i; component is increased in the FW operating
region to reduce flux linkage for higher speeds than base speed while managing voltage con-
straints. Finally, in the Maximum Torque Per Voltage region, the current references are adjusted
to perfectly balance voltage and current limits at very high speeds for optimized torque output.
This independent control of 74 and %, currents is basic to more advanced techniques of motor
control and gives flexibility in enhancing efficiency, extending the speed range, and improving

overall performance of motors.

vy .
wL, | —d |
= INVERTER EESM | i
o U : s
wlLjig+ Ape [ 4 | model iy
+
< PI,(s) M
=) Ty T +w

Figure 2.8: Current Control Loops

The control strategy is founded on an advanced block diagram, which starts with the trans-
formation of three-phase stator currents (i, %,i.) in the d-q frame of reference using both
Clarke and Park transformations. In this context, the decoupled current control is performed,
including distinct PI controllers for 74 and ¢4, duly endowed with suitable compensation mecha-
nisms against the given dynamics and cross-coupling effects. These controllers generate voltage
commands Vy r and V, s based on the error between reference currents 4 ref, %4 rer and their ac-
tual counterparts 74, 7,. The following Inverse Park Transformation converts these commands
back to the stationary reference frame. Then, Space Vector Pulse Width Modulation (SVPWM)
is done to get the required three-phase voltage vectors for the inverter.

The inverter, modulated by SVPWM signals, converts the DC voltage from a supply into an
AC voltage that will provide the required accuracy to drive a motor. This action by the motor,
due to the applied V;; and V; voltages, allows the desired current values of 74 and i, to reach their

respective setpoints, thus ensuring the best torque and flux control within the whole operational
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range of the motor. This structured approach ensures efficient performance across a wide range
of varying operational conditions, therefore greatly contributing to enhanced motor efficiency,

extended speed range, and overall system reliability.

2.4.1 PI Controller Design Using Bode Method for Current Control

High accuracy current control in electric machine drive systems is critically required to ensure
overall performance under various operating conditions. This subsection looks into the design
of Proportional-Integral controllers by the Bode method to ensure robust stability and current

regulation performance in EESMs.

System Model and Block Diagram

I3 ~~ —1 U3 1% [ id
_+'< J—+{Ph\e) .|jl-- T, i_"' Rot+sly

Figure 2.9: Simplified Current Control Loop

Y

Consider the simplified block diagram of an electric motor system, where the armature

impedance is modeled as with R denoting resistance and L representing inductance. A

1
R+Ls?
PI controller has to keep the d-axis current ¢4 and the g-axis current ¢, by their reference values
iqgrer and i4,.r. The voltage commands Vy,.r and V, ,..; from the PI controller are further
processed by an inverter block represented by ﬁ, which models the average delay introduced

by the inverter.

Bode Analysis for PI Controller Design

The Bode method is a systematic design approach for the PI controllers of a problem by inves-
tigating the frequency response of the closed-loop system. The methodology is supported by
the following steps:

1. Open-Loop Transfer Function:

Derive the open-loop transfer function L(s) of the system:

1+ 8T, 1+sT. 1 1
Ls)=K, - ——” . K_. cL. .
(5) s 1 R 1+sT,
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Here, K is the integral gain, 7}, is the PI controller time constant, /. is the proportional
gain, 7 is the current controller time constant, 2 is the resistance, and 7', is the electrical

time constant.

2. Phase Margin Calculation:

The desired phase margin is determined by setting:

/L(jwg) = —180° + ¢y, = —110°

This implies:
arctan(wpT,;) — 90° — arctan <W—B> — arctan (W—B> = —110°
Wni Wn2

Solving for 7,,; yields a general form without specific values. The time constant 7,

ensures the required phase margin.

3. Gain Adjustment:

To achieve unity gain at the crossover frequency w = wg:

|L(jwp)| = K; -

1+ (wplp)? 2

Solving for K; in general form ensures unity gain at the desired crossover frequency.
Given T),; = %’, solving for K, provides the proportional gain required for the desired

phase margin and gain crossover frequency.

Listing 2.1: PI calculations

Pd=(1/(1+s*Td)) * (1/ (R+s*Ld)) ;

Pg=1/ ((1l+s*Td) * (R+sxLq)) ;

[Kpd, Kid, Tpid] = pid_bode (Pd, 3000, 70xdeg2rad) ;
[Kpg, Kiqg, Tpig] = pid_bode (Pg, 3000, 70xdeg2rad) ;
function [Kp, Ki, Tpi] = pid_bode (P1l,wgc,phasemrgn)
Pcmplx=evalfr (P1l, li*wgc);

Tpi=(tan (-pit+phasemrgn-angle (Pcmplx)+pi/2)) /wgc;

Ki = (1/abs (Pcmplx)) * (wgc/sqgrt (1+ (wgc*Tpi) ~2));

Kp = KixTpi;

end
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The PI controller gains were implemented and tuned with this function pid-bode in which it
takes the plant, cross over frequency, and the desired phase margin as an input and return the
gains values. here for this motor it has been found that Kid= 197.7, Kpd=0.968, Kiq=111.169
and Kpq=0.4685.

Then using this method after choosing the crossover frequency of about 3000 rad/s and
phase margin of 70 degrees, here in the next figure shows the bode plot of the open loop control

along the d and q axis.

Bode Diagram £, FMaQ
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Figure 2.10: Bode Plot of open loop control along d and q axis.

as seen in the bode plot here the phase margin is 70 degrees and the crossing at 3700 rad/sec
happens with a -20 dB/dec which implies that the system is stable. Here in the figure below, I

will show the transient response of the designed controllers.
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Figure 2.11: Transient Response of both Current Controllers.

As shown in figure the transient response here shows a very fast-tracking of the step of 340

amps for both Id and Iq, which is very important for our control.

2.4.2 Anti-Windup Addition

In general, anti-windup methodologies have significantly enhanced the overall response of the
control system. Anti-windup mechanisms played a very vital role in the taming of integrator
windup problems that usually impaired the performance of feedback controllers. Dealing effec-
tively with integrator saturation during operation ensured smoother transitions and quicker re-
covery times, hence improving the transient response and stability of a system. The anti-windup
application handled not only the constraints coming from actuator limits but also achieved op-
timization of the controller in terms of disturbance rejection and set-point tracking with better
desired values. In this regard, extensive experiments, complemented by analysis, showed that
a great deal of system performance improvement had been enhanced by anti-windup strategies

for enhancing the overall response and robustness of a control system. Anti-windup was an
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important aspect that had to be taken into consideration in this model. Simulation results with

and without the anti-windup will be discussed in the next section.

1 1
mot.Lq - s+ mot.R mot.Ts-s+1 la

I

Figure 2.12: Simulink I control Loop with Anti-windup

2.5 Simulink Modelling

As illustrated in Figure 13, the Simulink model of the speed control for the linear model of the
motor is exploited. As mentioned, it is going to be divided into three principle parts: the speed
control block, then the MTPA, and, finally, the Flux weakening/MTPYV block that calculates the
Id and Iq reference signals depending on the reference speed and the control signal coming from
the speed control. This will be followed by the current control blocks 1d, Iq, and Ie, and finally,
the dynamic model of the motor simulation. The objective is to optimize the motor performance

across different operating conditions.
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The Simulink model is composed of several interconnected blocks and subsystems, each

responsible for a specific aspect of the motor control. The primary components include:
* Speed control block with a PID controller

* Lookup table for IIMTPA calculation

FW/MTPV block for high-speed operations
* Current control blocks with PI controllers and compensation mechanisms
* Torque calculation block

* Speed calculation block incorporating dynamics such as friction and moment of inertia

2.5.1 Speed Control Block

The speed control block utilizes a PI controller with anti-windup, which generates the refer-
ence torque, 7;.¢. Anti-windup prevents chattering and integral windup, which significantly
improves the transient response of the system. The PID controller evaluates 7;..; from an error

formed between the speed command, w,.¢, and the actual speed, w. The PI controller gains

out

Figure 2.14: Speed control Loop

were tuned using the PID function illustrated previously, the output control signal is considered
to be the reference torque that will have a crucial role in calculating the reference currents. The

reference torque (7,.) is computed as:
Trer = Kpe(t) + Ki/e(t) dt (2.34)

where e(t) = w,.r — w is the speed error. and of course the torque is limited with the maximum

torque value of 1177 Nm.
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Anti-wind up

Anti-windup is one of the most important techniques in motor speed control, particularly with PI
controllers. Usually, in speed control, the integral part of the PI controller will continue to build
up a large error when the actuator, which refers to the motor here, has been saturated and cannot
follow the control signal. This can result in overshoot and long settling times when the actuator
is no longer saturated; this is known as "integral windup." Anti-windup mechanisms prevent the
accumulations of error by the integrator during periods of saturation, ensuring response to set-
point or load changes is much faster and more accurate. On the note of saturation, anti-windup
limits the integrator output, hence ensuring a very high level of stability of the system with less
overshoot, which confirms that the given speed control system is suitable to achieve effective

and reliable operation of a motor. It could be implemented with the following anti-windup

" KTys

r I actuator st |

==
F)
|
}

)=

Figure 2.15: Possible Implementation of Anti-windup

2.5.2 MTPA and FW/MTPYV Blocks

After the reference Torque is calculated, the next step is to use the LUT that has been found
to implement the MTPA trajectory. In which the current follows this trajectory when the speed
is below the base speed. To implement this trajectory on Matlab the data of the trajectory was
taken on an external code and then was put in this Look-up table so the Id MTPA value is the
output of this block.

The following table represents the Lookup Table (LUT) for Maximum Torque Per Ampere
(MTPA). This table maps the d-axis current (Id) to the corresponding torque values. Then after
finding the MTPA current we have to decide on what region of the circle we are on, so for values
less than the calculated base speed only MTPA trajectory will be used, if it on high speed we
have to decrease the flux by moving the current vector to the left up to certain point, then we
have to move to MTPV trajectory. This is implemented in a way that will be explained here in

the coming figures.
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Id (A) Torque (Nm)

0
0.31
6.28
23.6

48.95
79.24
112.2
146.5
181.0
248.4
282.2
340.2

0
20
100
200
300
400
500
600
700
900
1000
1177

Table 2.1: MTPA Lookup Table

V_lim

IdMTRA

IdMTPA

(a) FLux Weakening Block

Flux WeakeningMTPY

TR we
.....
eo—
I L
weref

e

=]
=
£

10 Tiu}

(b) Flux Weakenirg®Block from inside

Figure 2.16: FW/MTPV Block
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Figure 2.17: FLux Weakening Technique Implemented

Voltage reference (V) are used instead of actual motor terminal voltages. These references
determine the amplitude |v| of the voltage vector required at the motor’s operating point. The
reference |v| is compared to a voltage limit Vj;,,,. If |v| > V., the Flux Weakening (FW) block
intervenes.

The FW block modifies the components of the current space vector based on inputs from
the Maximum Torque Per Ampere (MTPA) block. It adjusts the current components if a voltage
higher than V};,, is necessary.

The applied voltage to the motor is constrained by the DC-link voltage (Vy). Therefore, the
voltage references from current regulators are also limited. The voltage loop activates only when
Ve > Viim, ensuring Vj;, is less than Vy to control the stator voltage effectively (typically
Viim = 0.9Vn).

The voltage regulator outputs a negative delta Aiy, which is added to the 7; component from
the MTPA block. This action is to move the current vector to the left on the limit circle.

So, if |v| < Vjm, no action is taken; The PI controller output is positive so Aiz=0. If
|v| > Vjim, controller output becomes negative, and Ai, turns negative as well. This negative
value is added to the i, reference.

Therefore, the reference 7, of the current space vector is given by:
id = tamrPA + Aig

The minimum value Ai, is determined based on the starting current of the MTPV, typically
Aigmin= -300 for higher speeds for this motor speeds higher than 3650 rad/s a transition to
Maximum Torque per Voltage (MTPV) mode takes place.

Then the transition happens to MTPYV, in which using the MTPV derivations above I have
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also implemented lookup table for Id and Iq on the MTPV trajectory based on the speed of the
the motor, so the values of Iq and Id are calculated then if the modulus os Imtpv of Id and Iq is
greater than the nominal current MTPV is ignored, otherwise it is a very high speed the requires
the intervention of the MTPV trajectory, this switching between MTPA, FW, and MTPV was

implemented with a matlab function shown below.

Listing 2.2: MTPA/FW/MTPV Function

function [Id, Ig] = fcn(IdFW, IdMTPA, we, weRef, Tref, IdMTPV, IgMTPV
, 1)
Ld = 0.31e-3;
Lg = 0.15e-3;
lamex = 38.4e-3 * 3.8;
P = 6;

scaling_factor = Tref / 1177;

if I > 736
if we >= 1894
if we <= 0.999 x weRef
Id = IdAMTPA + IdFW;
Ig = sqgrt (73672 - Id"2) * scaling_factor;

else
Id = IdFW;
Ig = Tref / (9 * ((Ld - Lg) = IdAMTPA + lamex));
end
else
Id = IdMTPA;

Ig = Tref / (9 * ((Ld - Lg) = IdAMTPA + lamex));

end
else

Id

IdMTPV x abs(scaling_factor);
Ig = IgMTPV % scaling_factor;
end

end

the function takes all the required currents as an input, then based on the speed of the motor
it assigns Id and Iq values, in which when the speed is lower than the base speed only MTPA
is used then Iq is derived using the torque formula, and if it exceeds the base speed the FW
current is added to MTPA current and Iq is chosen to be on the limit circle based on the new Id

value, and then if the speed is very high Id and Iq are chosen to be the MTPV value, and they
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are multiplied by this scaling factor to gradually be changed to zero when the reference speed

is finally reached.

2.5.3 Current Control Loops
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Figure 2.18: Current Control Block
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Figure 2.19: Compensation to be applied to the current control loops

Thes design of the PI controller was done as illustrated previously, but the design was based on

the voltage equations of the motor that was assumed to be linear.

d
ug = Rgig + % - wed)(p (2.35)
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, d
Uqg = Rszq + ﬁ + we¢da

dt
then
Ug = Rsid + Ldfd + LmIES — weLq[q,
then
id<R3 -+ Lds) =ug — Lyl.s + (JJeLq[q,
finally,

. Ug — Lpdes +welyl,
VA g
d R + Lys

(2.36)

(2.37)

(2.38)

(2.39)

but as mentioned above the design of PI controller only included the u, after the inverted

. 1
block with Rer—LdS

, so the other terms weren’t included in the design so they need to be sub-

tracted from the voltage after the design is complete that is why the compensation are added,

and the same is applied on the Iq control in which

d
Uy = Raig + % + wetba,

these are the equations used, in which after Laplace transform

Uqg = Rgig + ¢q3 - Wewqa

then

Ug = Rsiq + Lq[qS + weLdId,
then

iq(Rs + LqS) = Uq — weLdId,
finally,

Ug — wWeLlgly

g = ,
7 Rs+ Lgs

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

So here a compensation needed in which w. L1, should be added to compensate with the sim-

plified design that was done for the controller. The control blocks of both Id and Iq are shown

in the figures above with he compensations taken into consideration. And exactly the same cal-

culation is done also for Ie current which have a very near control scheme but with dependence

on R, and L. instead of the stator resistance and d or q inductance.
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2.5.4 Mechanical Model and Speed Block

After finding the current we enter the mechanical model in which the torque is now calculated
based on the torque equations illustrated before, and from that torque value mechanical speed

can be derived.

U *
- - |

= ; -
e ==

Figure 2.20: Mechanical Model and Speed Block

The mechanical speed response to an input torque can be modelled using a transfer function

block Jsl+ 5. This block displays the relationship of the input torque, 7', against the output an-
gular speed, w. Where J is the moment of inertia of the motor and B is the damping coefficient.
A torque, T, being applied to the motor, the following dynamic equation may be used in
characterizing the system:
dw
J—+Bw=T
0t + bw

Taking the Laplace transform of this equation, assuming zero initial conditions, we get:

JsQ(s) + BQ(s) = T(s)
where ()(s) is the Laplace transform of the angular speed w(t), and T'(s) is the Laplace

transform of the input torque 7'(¢). Solving for €)(s), we obtain:

s) = Jff)B

Thus, the transfer function from input torque to the angular speed output is:

Q) 1
T(s) Js+B

This transfer function implies that mechanical speed, w, is derived from the input

1
Js+B

forms the input torque into an angular speed output, showing dynamic motor speed responses

1
> Js+B’
torque, 7', accounting for the inertias and dampings. Thus, the block

essentially trans-

with respect to the torque applied. This is then multiplied by the number of motor poles to

obtain electrical speed: mechanical speed x number of poles.
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2.6 Simulation Results

On this section, the obtained results with the linear model of the motor will be visualized.

2.6.1 MTPA Region

On the MTPA control part, speed responses will be shown on when the speed in lower than the

base speed, also the effect of anti-windup will discovered.

Speed Responses

Figure 2.21: Speed Response with 1500 rad/s reference
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(a) TL = 1000 Nm (b) TL = Nominal Torque

T T T

1 1
o1 015 02 0zs 03 035

(c) TL = 1300 Nm (Bigger than Max Torque)

Figure 2.22: Speed Response with a reference of 1500 rad/s with different Load Torque values

As seen in the figures above the speed control was working perfectly well, in figure 21 the speed
settled in a fast time and there were almost no overshoots thanks to the anti-windup. Moreover,
in figure 22, it was shown that when the load torque was applied it also was able to track again as
the load torque is smaller than the maximum torque, then it explodes if the load torque exceeds

the maximum torque which is what we expect.
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Current Response

\l
\
(a) Id Response
™~
L
(b) Iq Response

Figure 2.23: Current Control References at 3400 rad/s speed reference

As shown here in figure 23 the current responses were very good, in which Id and Iq had every
fast settling time with a small overshoot, then they tracked the reference coming from MTPA

block perfectly, and then when the reference speed is reached they settled on zero.
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Current Variation during the Control
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Figure 2.24: Current Variation with 1500 rad/s speed reference

As seen here in Figure 24 when the reference speed is lower than the base speed, the current
only works on the MTPA trajectory then it comes back to zero when the response settles at the

reference speed value.

2.6.2 FW Region

In this part, the results of the speed and current control will be shown when the reference speed

is higher than the base speed but not very high to enter into MTPV control.
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Figure 2.25: Speed Response with reference speed of 3000 rad/s

As in the MTPA part the speed is also perfectly tracking the reference with no issues.

(a) Id Response

(b) Iq Response

Figure 2.26: Current Control References at 3400 rad/s speed reference

also, the current control was perfect, in which the response was fast and the tracking was
perfect, where the recurrent behaviour was as expected in which Id decreased due to the flux

weakening.
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Current Behaviours During FW
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(b) Reference Speed 3400 rad/s

Figure 2.27: Current Control behaviour During FW

As shown in the figure as the speed goes beyond the base speed, FW region starts, in which the

current vector in shifted to the left on the limit circle before the need to enter the MTP trajectory.

2.6.3 MTPYV Region

In this part the speed is now very high, with the linear model a speed of 9900 rad/s was able to

be achieved, this speed is around 6.3 times the base speed, which is very high. As shown in the
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figure below the speed was perfectly tracked after 2.75 seconds with no overshoot. As for the

current the tracking was perfect as before.

Figure 2.28: Maximum Speed Achieved

] 1

(a) Id Response (b) Iq Response

Figure 2.29: Current Control References at 3400 rad/s speed reference
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Current Behaviour with MTPV
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Figure 2.30: Current Control behaviour During MTPV

Here as seen here in the figure as the speed increase we enter to the FW region then to MTPV

region, and as speed increase we go deeper in the MTPV trajectory.
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2.6.4 Effect of Anti-windup

Figure 2.31: Speed Response with 1500 rad/s reference with no ati-windup
As shown in the figure if I used the same gains calculated with the bode method a massive

overshoot would occur, this ensures how important is to use anti-wind up for the control of the

motor. Without the anti-windup, the motor will not operate at high speeds.
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Chapter 3

Non-Linear Model of Hybrid Excited

Permanent Magnet Motor

3.1 Non-linearities of EESM

Electrically excited synchronous motor drives have inherent nonlinearities, most of which se-
riously affect performance and control. Their biggest source of nonlinearity is magnetic satu-
ration, occurring when the core materials reach their maximum magnetic flux capacity, hence
delivering a nonlinear relation between current and magnetic flux. Furthermore, magnetic cross-
coupling of the fluxes on the d axis and q axis introduces dynamic interactions, whereby changes
on one axis impact the other and hence complicate motor behavior even more. Non-linear volt-
age and current distortions are introduced into the motor due to eddy currents and hysteresis
losses at its iron core, while variable inductances caused by variations in rotor position and
excitation current result in non-linear inductance profiles. Iron losses, which include hysteresis
and eddy current losses, are frequency-dependent and add to the non-linear characteristics of
the motor. The current-to-flux linkage relationship is inherently non-linear, influenced by the
magnetic material properties and motor design. The skin effect at high frequencies causes non-
uniform current distribution, increasing effective resistance and decreasing inductance, thus
introducing non-linear frequency-dependent effects. It also includes many more nonlinearities
coming from magnetic reluctance variations, back-EMF distortions, or nonlinear control ele-
ments like saturation limits or nonlinear PI controllers, all adding to the general nonlinearity
of the EESM. The ability to accommodate these nonlinearities appropriately within modeling
and control methods for very high accuracy in modeling and effectiveness in control usually en-
tails advanced techniques like FEA and LUT methods that enable the capturing of these effects

comprehensively for improved performance in motor drive systems. [17].
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3.2 Dynamic Modeling Approaches

3.2.1 Flux-Linkage Based Models

Flux-linkage-based models use the flux linkage as the state variable and require the inversion of
the current-to-flux linkage characteristics. These models are highly detailed but computation-
ally intensive due to the need to handle nonlinear mappings between current and flux linkage.
Primary advantages of flux-linkage models are that they can express magnetic behavior of the
motor in great detail, which enables applications like detailed simulations and advanced control

strategy development. [18].

3.2.2 Current-Based Models

In current-based models, however, the stator current is used as the state variable, and thus the
need for inversion of the current-to-flux linkage maps is avoided. For such models, computation
of incremental inductances will be required—the derivatives of flux linkage with respect to the
stator currents. Very often, current-based models become simplistic in implementation and po-
tentially computationally more efficient—hence quite feasible for all real-time control-oriented

applications [18].

3.3 Proposed Current-Based Dynamic Model for EESM

3.3.1 Model Formulation

The voltage-balance equations in the dq reference frame aligned with the rotor position can be

used to describe dynamic behavior of the EESM as:

(a) FLux Linkage d (b) Flux linkage q

Figure 3.1: Flux Linkage maps as a function of currents Id and Iq
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Do(in i i
M = g — Ryia — weq(ia; i, ic),

dt
AN, (g, g, Te . L
q(ii—tq) = Uy — Rsig + welaliag, g, tc), (3.1)
olivsini) _

dt e eves

The flux linkages can be expressed as a function of the currents in such a way that it would
more accurately model the nonlinearities, including the iron saturation effect and magnetic
cross-coupling. It is nonlinear behavior, which is captured by computing the incremental in-

ductances, actually the partial derivatives of flux linkages concerning the currents.

L(i) = 3.2)

The current-based model can then be expressed in a matrix form, highlighting the depen-

dencies of the flux linkages and currents:

G di
i L(Z)dt =u— Ri — wJ\(i) (3.3)

where L(i) is an incremental inductance matrix, while .J is skew-symmetric, owing to cross-
coupling between the d and q axes, and R is a resistance matrix. The incremental inductance
matrix is defined here as the Jacobian matrix of the flux linkage vector with respect to the current

vector. This Jacobian, for the EESM, may be written as:

DYV

Big  Oig i

N R VIR VY
L(i) = | 5 Dig  Oic (3.4)

Dig 8iq Ote

The computation of this matrix requires the partial derivatives of flux linkages A4, A,, and
Ae With respect to 74, ¢4, and i.. These partial derivatives are derived from the results of finite

element analysis (FEA).

Finite element analysis is used to develop an accurate map of flux linkages as functions of
currents. Drawing an accurate motor geometry and creating a grid in the available 74-7, axis
plane, my colleague applied, for each grid point, the phase currents i, i;, and i., and ran

simulations to calculate the flux linkages.

Then these maps were used to find the partial derivative to be enabled to find and fill the
L matrix by interpolation. the derivatives were calculated using Matlab by differentiating the

fluxes on the acquired maps by the currents. the map of the acquired inductance.
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Figure 3.2: Inductance maps with the minimum and maximum value of /.

3.3.2 Non-linear Current model of the motor

Then, after being able to find the L matrix and using equation 2.3 above, as shown in the coming
figure, I will have the final model of the model where I will have the voltages issued from the

controllers as an input, and the currents will be the output of this model.

3.4 Simulink Model

The model decision blocks are the same but with slight changes, in which now we have to use
the current model above to consider the non-linearaties, so the current loop output will only

be the voltage that will enter an inverter to enter the non-linear model of the motor in which
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Figure 3.3: Current Model of the Motor

the currents will be calculated and returned as feedback to the current loops. below only the
changed parts of the model will be introduced and the other blocks will remain as was explained

in the linear Part.

ot
o—

Figure 3.4: Iq and Id current Lopps

Both Id and Iq current control loops will be exactly the same as this simple model, in which

vd and vq will be the output control signal based on the error.
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(b) Flux linkage q

in the figure above the Non-linear model of the motor discussed in the previous section was

54



implemented on Simulink, in which the flux linkage are interpolated from the LUTs that where
implemented using the maps calculated before, after calculating all the inductances they are

entered to the Matrix L using this Matlab function.

Listing 3.1: I calculation

function Dcurrent= fcn(ldd, lgq, lee, lde, 1ldqgq, lge, Dlambda)

1_diff= zeros(3,3);
1_diff(1,1)=1dd;
1 _diff(1,2)=1dg;
1 _diff(1,3)=1de;

1_diff(2,1)=1dqg;
1_diff(2,2)=1q9q9;
1_diff(2,3)=1qge;
1_diff(3,1)=(3/2)*1de;
1_diff(3,2)=(3/2)*1ge;
1 _diff (3,3)=lee;
linv_diff=inv(1_diff);

Dcurrent=linv_diff*«Dlambda;

end

in which matrix L is filled this way, then this matrix is inverted, then multiplied by Dlamda
which was calculated using the equations above. then we have di/dt, then this value is integrated

to acquire finally the values of the currents.
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3.4.1 Simulation Results
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Figure 3.6: Speed Response with reference of 1500 rad/s

(a) Id Response

—— i meas
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(b) Iq Response

Figure 3.7: Current Control References at 1500 rad/s speed reference
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Here in the figures, the responses were similar to the results achieved with the linear model of

the motor, but currents show a higher overshoot at the beginning.

MTPA
/ e TPV

Current Variation
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Figure 3.8: Current Variation with 1500 rad/s reference

Here as shown the current varies with the MTPA trajectory, but it doesn’t exactly match the

trajectory like in the linear case, but it is considered very close.

3.4.2 Simulation Results

Figure 3.9: Speed Response with reference of 3000 rad/s
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Figure 3.10: Current Control References at 1500 rad/s speed reference
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Figure 3.11: Current Variation with 3000 rad/s reference

Finally, a very good results were achieved also with the non-linear model in both MTPA and
FW regions, where the speed was able to track the reference perfectly so was the current, the
behaviour of the non-linear motor is a big tricky, which when the speed enters very high speed,
the motor was able to reach the speed but it was very hard to control it so it explodes when it

reaches the reference speed.

3.5 conclusion

This thesis describes the high-level control strategies of EESM, with detailed implementation
and optimization of flux-weakening control. Testing involved the design and integration of
control strategies like MTPA, flux weakening, and MTPV, showing their effectiveness in im-
proving the performance and efficiency of EESMs under a wide range of operational scenarios.
The research began with a deep literature review and hastened to disclose the great benefits that
EESMs have over their traditionalPermanent Magnet Synchronous Motor counterparts, partic-
ularly in controllability and adaptability for a very wide scope of applications, among them
electric vehicles, industrial drives, and renewable energy systems. The unique configuration of

EESMs, which allows for effective control of rotor field current, was identified as a key factor in
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their superior performance capabilities in which a very high speed compared to the permanent
magnet motors could be achieved. In the further sections, a robust control algorithm integrating
the MTPA, flux weakening, and MTPV strategies was developed. It is carefully designed to
make EESMs efficient with high torque output by automatically adapting to different loaded
conditions and speed. A detailed mathematical modeling and subsequent analysis came up with
a solid theoretical framework of this control algorithm. The proposed control strategies were
tested through extensive simulation studies. From these simulations, it was obvious that the in-
tegrated control algorithm could significantly improve the operational efficiency of EESMs, es-
pecially under high-speed and high-torque conditions. In this thesis, the main contribution was
to design a fractional-order speed controller and develop a detailed integrated control algorithm
by combining MTPA, Flux Weakening, and MTPV strategies to provide an overall solution
for the optimization of performance of the EESM under different operational conditions. The
theoretical and simulation analyses also showed a very good model of EESM control. To this
regard, these findings of the study greatly improve electric motor control techniques by provid-
ing a robust framework for the efficient and reliable operation of EESMs. Several lines of future
research are identified to further develop the capabilities and applications of these motors. To
this respect, future work should consider the integration of more advanced control techniques,
such as predictive or adaptive control, in order to further optimize the EESMs with respect to
the varying operational conditions. Optimization of control for EESMs under uncertain and

time-varying operating conditions would lead to a more resilient control strategy.
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