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Preface

This thesis is made by Electrical Energy Engineering student from Aalborg University.

Reading Guide

The build-up in this project is chronological. This means that the chapters, sections, and
subsections appear as numbered. A table of contents is included, listing the chapters and
sections as they appear in the report. Tables, equations, and figures are referred to in
the report as a number combination combined of the chapter number and the number
of elements in the chapter, for example, equation two in chapter 2 will be referred to as
Equation 2.2. A short caption below the figures and tables describing the content will be
present. A nomenclature is made, where all indexes used in the report are presented with
a short description and the corresponding SI unit. Also, acronyms used in the report are
presented in the nomenclature.
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Nomenclature

Special Symbols and Denotations

Symbol Description Unit
f Frequency [Hz]
I Current [A]
L Inductance [H]
P Power [W]
R Resistance [Ω]
t Time [s]
v Voltage [V]
θ Angle [rad] or [◦]
λ Flux linkage [Wb]
ω Rotational speed [rad/s] or [rpm]
τ Torque [Nm]

Acronyms

Abbreviation Meaning
AC Alternating Current
FOC Field Oriented Control
IM Induction Machine
IPMSM Interior Permanent Magnet Synchronous Machine
MTPA Maximum Torque Per Ampere
PMSM Permanent Magnet Synchronous Machine
PWM Pulse Width Modulation
SPMSM Surface Mounted Permanent Magnet Synchronous Machine
VSI Voltage Source Inverter
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Introduction 1
One of the largest consumers of electric power is the electric machines that convert
electric energy into mechanical energy. This caused different energy issues in industrial
applications, which led to wide studies to solve the efficiency problems with the purpose of
increasing the efficiency of the electric machines. In comparison to the induction machine
(IM), the permanent magnet synchronous machine (PMSM), is a popular choice for an
AC machine. Because of its higher power density, and higher torque density. During the
last decades, it has become important to research the designs and controlling methods
for PMSMs in order to improve their torque generation efficiency. Which means the
minimization of the overall machine losses. This can be achieved by having a specific
design for the machine or by the implementation of complex control techniques. Because
the mechanical losses are speed-dependent and can not be controllable, the only losses left
that can be minimized are the iron and copper losses. When the machine is operating
at lower speeds, the iron losses become negligible compared with the copper losses. This
means the optimal operating conditions can be identified as the ones that give minimum
copper losses. That would be when the machine is operating with the lowest current
magnitude for a given torque, which is called the maximum torque per ampere (MTPA)
condition. MTPA control is a common approach to achieve high efficiency and torque
density in modern electric machine drive systems. It is easier to achieve the MTPA
condition for a Surface Mounted Permanent Magnet Synchronous Machine (SPMSM) when
implementing Field-Oriented Control (FOC) because the current vector is normally applied
to the machine q-axis. However, for the Interior Permanent Magnet Synchronous Machine
(IPMSM), due to the existence of machine saliency, reluctance torque will be introduced
and the applied current vector direction to achieve MTPA is no longer aligned with the
machine q-axis. Since the machine inductance parameters differ from individual machines
and will vary under different operating conditions, it is not implementable to obtain the
optimized current vector positions by off-line measurement and calculation. Therefore,
on-line MTPA tracking techniques that do not depend on the machine parameters and
operation conditions, will be used [1] [2] [3]

1.1 Objectives

The main goal of this project is to investigate, analyze, and realize on-line MTPA
tracking technique. The candidate technique will be tested on an SPMSM and an
IPMSM platform. The tracking accuracy, reliability, responding speed during transients,
and possible influence on the drive system will be examined under different operating
conditions.
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Group PED4-1047 1. Introduction

1.2 Problem Statement

This thesis will answer these main questions:

• How to implement an on-line MTPA tracking controller for PMSMs?
• How to track the accuracy of MTPA controller against system errors and

disturbances?
• How to test the MTPA convergent speed during system transients, as well as its ability

to track varying loads?

1.3 Assumptions

During the development of this thesis the following assumptions are made:

• In order to get the PMSM to be a balanced three-phase system, the supply voltage
is assumed balanced.

• All the losses such as Eddy currents and hysteresis losses are neglected.
• The stator resistance is assumed to be constant and it is not dependent on the

changing of the temperature.

2



System Model 2
2.1 System Description

In order to implement an on-line MTPA tracking controller and investigate the problem
statement, a high-performance PMSM drive system is required. The PMSM drive system
consists of SPMSM and IPMSM, when the tests in the laboratory are done on the SPMSM,
the IPMSM will act as a load system and vice versa. Furthermore, there is a voltage source
inverter (VSI), Pulse Width Modulation (PWM), and a dSPACE controller. An overview
of the applied drive system is shown in 2.1

Mads W. Toft & Franz A. R. Aldous 1. Introduction

1.3 Description of the System

To investigate the problem statement, the thesis takes offset in the system shown in figure 1.2. Where
a Drive System that consists of a voltage source inverter (VSI), a dSPACE controller for the motor
control, and a Surface-mounted Permanent Magnet Synchronous Machine (SPMSM) is shown. This is
connected to a Load System, which also includes a VSI and a controller.

VSI PMSM Load Motor

Controller

VSI

Controller
PWM PWM

Rotor
Coupling

Drive System Load System

Figure 1.2. Illustration of the test setup: Drive System connected with a Load System.

This diagram has an associated laboratory setup, which is shown in figure 1.3.

Load MotorSPMSM

dSPACE
Controller

Power
Converter

Figure 1.3. Picture of the laboratory setup showing the motors, power
converter, and dSPACE controller.

The motor is an SPMSM from Siemens with specifications shown in the table 1.1. The system includes
a Danfoss frequency converter and within is the VSI and power supply. The specifications for the
frequency converter is 500V AC and 10A continuous current. The DSP for this system is a dSPACE
processor, which compiles a control structure based on a Simulink model. [Danfoss, 2023; Siemens,
2023]

12

Figure 2.1. An illustration of the test setup: Drive System connected with a Load System

2.2 Modeling of the PMSM

The mathematical model for the PMSM can be described by three equations: voltage, flux
linkage, and torque. [4] [5] Using the rotating dq reference frame, the voltage equations
are given in 2.1 and 2.2

vd = Rsid +
dλd

dt
− ωeλq (2.1)

vq = Rsiq +
dλq

dt
+ ωeλd (2.2)

Where vd, vq, id, iq are the stator dq-axis voltages and currents respectively. Rs is the
single-phase resistance, λd and λq are the dq-axis flux linkages and ωe is the electrical rotor

3



Group PED4-1047 2. System Model

speed, which is obtained by multiplying the mechanical rotor speed ωm by the number of
pole pairs p, which can be seen in 2.3

ωe = p · ωm (2.3)

The equations for the dq-axis flux linkages are given in 2.4 and 2.5

λd = Ldid + λmpm (2.4)

λq = Lqiq (2.5)

Where Ld and Lq are the dq-axis inductances and λmpm is the rotor permanent magnet
flux linkage. The equation for the electromagnetic torque is given in 2.6

τe =
3

2
p(λdiq − λqid) (2.6)

In this project, two types of PMSM have been used, for the SPMSM Ld is approximately
equal to Lq, which means the equation for τe can be seen in 2.7

τe =
3

2
pλmpmiq (2.7)

However, for the IPMSM Ld is not equal to Lq, and by substituting 2.4 and 2.5 into 2.6
and rearranging, the electromagnetic torque equation for τe is given by 2.8

τe =
3

2
p(λmpmiq + (Ld − Lq)idiq) (2.8)

4



MTPA Control Strategy 3
In this chapter, the MTPA controller will be implemented and investigated for the SPMSM
and the IPMSM drive system. [1] [2] [3]

3.1 MTPA Point Characterization and Operation Point

The MTPA control strategy can be described as an optimization problem with the aim of
minimizing the current for a given torque reference. By using the torque equation 2.7 for
PMSM, the set parameter can only be iq because Ld is equal to Lq. However, for IPMSM
Ld is not equal to Lq and the torque equation is 3.1 for the IPMSM, which can be rewritten
as 3.2 and the set parameters can either be the iq and id currents or the magnitude of the
current vector is or the angle φ

τe =
3

2
p(λmpmiq + (Ld − Lq)idiq) (3.1)

τe =
3

2
p(λmpmis sin(φ) +

3

2
p(Ld − Lq)is

2 sin(φ)) (3.2)

The MTPA operating condition can only be achieved for the combination that yields the
minimum current magnitude | i(id, iq) | =

√
id

2 + iq
2 which means the combination that

solves the following constrained optimization problem:

min | i(id, iq) | subject to τ(id, iq) = τ0

In the case of PMSM the above minimization problem can be solved by having id = 0.
However, for IPMSM it can be seen in the graphical representation of the MTPA operating
points in figure 3.1

5



Group PED4-1047 3. MTPA Control Strategy
ANTONELLO et al.: MTPA OPERATION OF SYNCHRONOUS PERMANENT-MAGNET MOTORS BASED ON ESC 5087

Fig. 1. Constant torque and MTPA loci in (a) Cartesian and (b) polar coordinates on the d−q plane; (c) schematic representation of the perturbation-based
procedure used to estimate the local slope of the objective function specified in the optimization problem (3).

complete theoretical and experimental validation of the ESC-
based MTPA tracking algorithm first proposed in [20] and
[21], with particular emphasis on the convergence issues and
the implementation details as well. This paper is organized as
follows. Section II provides an overview of both the MTPA
basics and the implementation of the proposed MTPA tracking
controller. The convergence properties of the proposed method
are analyzed in Section III-A, which also gives some helpful
tuning hints for the parameters of the MTPA tracking controller.
The experimental results are discussed in Section IV, whereas
Section V draws some conclusive considerations.

II. PRINCIPLE OF MTPA TRACKING CONTROLLER

A. MTPA Point Characterization

For synchronous motors with interior PMs (IPM-PMSMs),
the expression of the torque τ generated under conditions of no
magnetic flux linkage saturation is (in a d−q reference frame
synchronous with the rotor flux)

τ =
3

2
pΛmgiq +

3

2
p(Ld − Lq)iqid (1)

where id,q are the stator currents, Ld,q are the synchronous
inductances, and Λmg is the rotor flux linkage generated by the
magnets. The first and second terms on the right-hand side of
(1) represent, respectively, the electrodynamic and the variable
reluctance components of the overall motor torque; obviously,
in a PMSM with an isotropic magnetic structure, the latter
component is zero since Ld = Lq . In (1), it is evident that
there are several combinations of the direct/quadrature currents
id,q capable of satisfying a specific steady-state torque demand
τ0 [see Fig. 1(a)]. However, the MTPA operating condition is
achieved only for the combination that yields the minimum

current magnitude |i(id, iq)| Δ
=

√
i2d + i2q , i.e., the combination

that solves the following constrained optimization problem:

min
id,iq

|i(id, iq)| subject to τ(id, iq) = τ0. (2)

For a PMSM with magnetic isotropy, the above minimization
problem is trivially solved by setting id = 0 since the constant
torque locus in the d−q plane consists of straight lines parallel

to the d-axis; on the other hand, the currents pair yielding
the MTPA operating condition in a PMSM with magnetic
anisotropy can be determined only by explicitly solving prob-
lem (2) since no trivial solutions exist in this case. In principle,
the optimization problem can be solved in advance for every
torque demand τ0 by simply relying on the ideal torque ex-
pression (1) and the nominal values of the motor parameters;
then, the optimal solution can be used to properly set the current
references in a conventional FOC scheme in order to maximize
the torque-per-ampere ratio. In practice, however, the optimal
operating point is hardly achieved with this approach because
(1) is only an approximation of the real electromagnetic torque,
and the values of the motor parameters may be inaccurate
or even changing with time. A far more robust and accurate
method consists of solving the optimization problem (2) online,
as explained next.

B. Proposed Injection-Based MTPA Technique

The proposed solution for the automatic attainment of the
MTPA operating point can be better understood by recasting
the optimization problem (2) in polar coordinates. Let |i| and
ϑ denote the magnitude and phase of the current vector in the
d−q plane; then, by replacing the current id,q in (2) with their
polar notation, the optimization problem becomes

min
ϑ

|i(ϑ)| subject to τ (|i(ϑ)|, ϑ) = τ0 (3)

where

τ (|i(ϑ)|, ϑ) =
3

2
pΛmg |i(ϑ)| sin ϑ − 3

4
pχLd |i(ϑ)|2 sin 2ϑ

(4)

and χ
Δ
= Lq/Ld − 1. In Fig. 1(b), it can be noticed that the

objective function |i(ϑ)| to be minimized in (4) is convex with
a (global and unique) minimum. Therefore, a simple automatic
minimum search procedure would consist of increasing the
phase ϑ whenever the slope d|i(ϑ)|/d ϑ of the objective func-
tion, evaluated locally around the current value of ϑ, is negative
and vice versa in case of a positive slope, until the condition
d|i|/d ϑ = 0 for the existence of a minimum is reached. The

Figure 3.1. A graphical representation of the MTPA operating points for an IPMSM

However, using this method in order to find the MTPA operating point is inaccurate
because the equations represent a linearised ideal model of the machine. In reality, the
machine parameters change due to temperatures, and there would be disturbance due to
load changes.

3.1.1 Finding MTPA Operating Points and Curves

In this project, some tests have been done in the lab in order to find the MTPA operating
point for SPMS and IPMSM as well as the MTPA oerating curves, which later on will be
used to verify the MTPA Strategy.

For SPMSM:

The MTPA operating points

6



3.1. MTPA Point Characterization and Operation Point Aalborg University
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Figure 3.2. MTPA operating points for
SPMSM at 400 rpm

Figure 3.3. MTPA operating points for
SPMSM at 800 rpm
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Figure 3.4. MTPA operating points for
SPMSM at 1200 rpm

Figure 3.5. MTPA operating points for
SPMSM at 1600 rpm

The MTPA operating curves
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Figure 3.6. MTPA operating curve for
SPMSM at 400 rpm

Figure 3.7. MTPA operating curve for
SPMSM at 800 rpm
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Figure 3.8. MTPA operating curve for
SPMSM at 1200 rpm

Figure 3.9. MTPA operating curve for
SPMSM at 1600 rpm

For IPMSM

The MTPA operating points
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3.1. MTPA Point Characterization and Operation Point Aalborg University
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Figure 3.10. MTPA operating points for
IPMSM at 400 rpm

Figure 3.11. MTPA operating points for
IPMSM at 800 rpm
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Figure 3.12. MTPA operating points for
IPMSM at 1200 rpm

Figure 3.13. MTPA operating points for
IPMSM at 1600 rpm

The MTPA operating curves
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Figure 3.14. MTPA operating curve for
IPMSM at 400 rpm

Figure 3.15. MTPA operating curve for
IPMSM at 800 rpm
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Figure 3.16. MTPA operating curve for
IPMSM at 1200 rpm

Figure 3.17. MTPA operating curve for
IPMSM at 1600 rpm

3.2 MTPA Control Strategy

This MTPA control strategy uses a signal injection tracking technique to perturb the
current angle and determine the changing rate of the current magnitude with respect to
the current angle until a global minimum for the cost function is reached di/dφ = 0 which
can be seen in figure 3.18

10
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Figure 4: Graphical representation of the MTPA operating
points for a IPMSM based on signal injection method to
determine the slope of the cost function in (2).

perturbed current angle. Therefore, tracking dTe

dϕ can be
done by measuring the mechanical power of the machine.

Pm(ϕf + ∆ϕ) = Te(ϕ+ ∆ϕ)ωm (7)

The proposed method determines the mechanical power
by measuring instantaneous input power of the machine.
However, the electrical power is a sum of the copper losses,
core losses and mechanical power of the machine. By us-
ing signal processing the rate of change of the mechanical
power with respect to the current angle can be obtained.

dPm

dϕ
=

3

4
ωmA(λmpmi cos(ϕ) +

1

2
(Ld−Lq)i2 cos(2ϕ) (8)

where

dPm

dϕ
= ωm

dTe
dϕ

(9)

Finally to obtain the reference current angle the signal
from (8) is put trough a PI controller Fig.5. Where the
cutoff frequency of the band-pass and low-pass filters for
the test of the control strategy was chosen to be half of
the injected frequency. It should be kept in mind that
the injected signal not only causes variation in the current
and torque but it also causes the speed of the machine to
vary. Therefore, the injected signal should be high enough
compared to the bandwidth of the speed PI so that those
speed variations can be ignored.

The measured instantaneous input power can vary for
different reasons such as load variation, reference speed
change, torque disturbances and other. This will cause
inaccuracies while determining the MTPA point. That
is why the power variation due to the injected signal is
separated and a supplementary control loop is added to
the FOC current loop as shown in Fig.6. Also it should be
noted that increasing the frequency of the injected signal

*

Asin(ωinjt)

1
τcs+1

τcs
(τcs)2+2τcs+1

Pe P0

PIMTPA Σ 
ϕ*

1
A ϕini

Σ 

BPF LPF

Figure 5: Block diagram of the MTPA detector based on
[20].

Σ Σ 1 
Tds+1

1 
Ld(s+Rs/Ld)

-
ud_inj*

id* ud* id

Σ Σ 1 
Tds+1

1 
Lq(s+Rs/Lq)

-
uq_inj*

iq* uq*

iq

id

ud_f*

uq_f*

Σ 
-

Kp

Σ 
-

Kp

2ζωinjs
s2+2ζωinjs+ω2

inj

iq_inj*

id_inj*

2ζωinjs
s2+2ζωinjs+ω2

inj

id

iq

iq

PI

PI

Figure 6: Block diagram of the current control loop with
the supplementary high frequency current loop based on
[20]

also makes the signal separation better. The fundamental
and injected currents can be calculated as

id = i cos(ϕf +A sin(ωinjt))

≈ i cos(ϕf )− iA sin(ϕf ) sin(ωinjt) = idf + idinj

iq = i sin(ϕf +A sin(ωinjt))

≈ i sin(ϕf ) + iA cos(ϕf ) sin(ωinjt) = iqf + iqinj

(10)

The transfer function of the P-type controller can be
calculated as

iinj
iinj∗

=

Kps
2 + 2ζωKps+ ω2Kp

Ls3 + (2ζωL+R)s2 + (ω2L+ 2ζω(Kp +R))s+ ω2R
(11)

Based on [20] the value of the proportional gain is can
be taken as Kp = 10L. However, it may vary for different
machines. The block diagram of the FOC control strategy
with the MTPA detector and the supplementary current
loop is presented in Fig.7.

4. Simulation results

Simulations of both MTPA controllers have been made
on a PMSM and a SynRM the parameters of the machines

4

Figure 3.18. Graphical representation of the MTPA operating points for an IPMSM based on
signal injection method to determine the slope of the cost function

Which means this method will increase the phase of the current φ whenever the slope is
negative and decrease it when the slope is positive. The equation for the injected signal
that is applied to the current is

∆φ(t) = A sin(ωinjt) (3.3)

A block diagram for the MTPA controller can be seen in figure 3.19
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Figure 2: Block diagram of the MTPA detector based on [21].
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Figure 3: Block diagram of the FOC control strategy modified with the MTPA detector based on [21].

of change of the current magnitude with respect to the cur-
rent angle until a global minimum for the cost function is

reached
(

d|i(ϕ|)
dϕ = 0

)
as shown in Fig.4.

From the schematic it can be seen that when the slope
of the cost function is positive the current angle should be
decreased and vice versa. The injected signal applied to
the current vector is

∆ϕ(t) = A sin(ωinjt) (3)

After perturbing the current, information for the slope
can be approximated as

|i(ϕ+ ∆ϕ)| ≈ |i(ϕ)|+A
d|i(ϕ)|
dϕ

sin(ωinjt) (4)

The mathematical analysis of the MTPA controller in
practice is achieved by using a high-pass filter to remove
the large signal of the current vector (|iϕ| in (4). By doing
this only the small sinusoidal signal is left (∆i(t)) and by
AM- demodulating the signal the slope can be obtained

(di(ϕ)
dϕ ≈ e). Finally by applying a PI controller with the

reference slope to be zero, the MTPA point can be ob-
tained. The block diagram of the MTPA controller can be
seen in Fig 2 and the block diagram of the FOC strategy
can be seen in Fig.3. The PI controller gains are difficult to

estimate since the system in non-linear. However, the sys-
tem can be proven asymptotically stable using Lyapunov
theory [21]. Furthermore, a proportional gain is not nec-
essary to use yet it can be applied to reduce the system’s
convergence time.

3.2. Second MTPA control algorithm

Similarly to the first one the second MTPA control
algorithm is also based on signal injection. However, to
find the MTPA point (1b) is derived with respect to the
current angle.

dTe
dϕ

=
3

2
p(λmpmi cos(ϕ) + (Ld − Lq)i2 cos(2ϕ)) = 0 (5)

With the injected signal the reference current angle
becomes

ϕ = ϕf + ∆ϕ = ϕf +A sin(2πfinjt) (6)

where ϕf is the angle corresponding to the current vec-
tor without the MTPA signal injection, ϕinj is the angle
of the injected signal.

When the machine is operating at constant speed with
the injected signal the system will have changes in the me-
chanical power due to the torque variation caused by the

3

Figure 3.19. Block diagram for the MTPA controller

The gain factors for this MTPA tracking technique were found experimentally in the lab
for the SPMSM and IPMSM, which can be seen in figure 3.20 and figure ??
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Figure 3.20. Gain factor for MTPA for IPMSM
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Figure 3.21. Affects of the gain factor for MTPA for IPMSM

Two different types of filters were implemented in this MTPA control strategy in order to
achieve better results. The first one is a low-pass filter and the second one is a resonant
filter. A comparison of their effects can be seen in Figure 3.22 and 3.23
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Figure 3.22. Affects of the two filters on the MTPA controller for SPMSM
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Figure 3.23. Affects of the two filters on the MTPA controller for SPMSM

The equations for the low-pass filter is 3.4

HLPF =
ωc

s+ ωc
(3.4)
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Where ωc is equal to 2πfc fc is the switching frequency

The equation for the resonant filter is 3.5 [6]

Gs =
2Kiωcs

s2 + 2ωc + ω2
(3.5)
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Experimental Results 4
4.1 MTPA Results for SPMSM

4.1.1 Steady State at 400 [rpm]

For a starting current angle at 80◦
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Figure 4.1. Final current angle at 400 rpm
and 2 Nm load torque

Figure 4.2. Final current angle at 400 rpm
and 6 Nm load torque
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Figure 4.3. Final current angle at 400 rpm and 10 Nm load torque

For a starting current angle at 100◦
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Figure 4.4. Final current angle at 400 rpm
and 2 Nm load torque

Figure 4.5. Final current angle at 400 rpm
and 6 Nm load torque
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Figure 4.6. Final current angle at 400 rpm and 10 Nm load torque

4.1.2 Steady State at 800 [rpm]

For a starting current angle at 80◦
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Figure 4.7. Final current angle at 800 rpm
and 2 Nm load torque

Figure 4.8. Final current angle at 800 rpm
and 6 Nm load torque
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Figure 4.9. Final current angle at 800 rpm and 10 Nm load torque

For a starting current angle at 100◦
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Figure 4.10. Final current angle at 800 rpm
and 2 Nm load torque

Figure 4.11. Final current angle at 800 rpm
and 6 Nm load torque
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Figure 4.12. Final current angle at 800 rpm and 10 Nm load torque

4.1.3 Steady State at 1200 [rpm]

For a starting current angle at 80◦
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Figure 4.13. Final current angle at 1200 rpm
and 2 Nm load torque

Figure 4.14. Final current angle at 1200 rpm
and 6 Nm load torque
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Figure 4.15. Final current angle at 1200 rpm and 10 Nm load torque

For a starting current angle at 100◦
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Figure 4.16. Final current angle at 1200 rpm
and 2 Nm load torque

Figure 4.17. Final current angle at 1200 rpm
and 6 Nm load torque
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Figure 4.18. Final current angle at 1200 rpm and 10 Nm load torque

4.1.4 Steady State at 1600 [rpm]

For a starting current angle at 80◦
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Figure 4.19. Final current angle at 1600 rpm
and 2 Nm load torque

Figure 4.20. Final current angle at 1600 rpm
and 6 Nm load torque
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Figure 4.21. Final current angle at 1600 rpm and 10 Nm load torque

For a starting current angle at 100◦
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Figure 4.22. Final current angle at 1600 rpm
and 2 Nm load torque

Figure 4.23. Final current angle at 1600 rpm
and 6 Nm load torque
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Figure 4.24. Final current angle at 1600 rpm and 10 Nm load torque

4.1.5 Step Changes Tests

Speed Step Change
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Figure 4.25. Final current angle at speed
step change from 400 rpm to 800
rpm

Figure 4.26. Final current angle at speed
step change from 800 rpm to
1200 rpm
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Figure 4.27. Final current angle at speed step change from 1200 rpm to 1600 rpm
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Figure 4.28. Final current angle at load step
change from 2 Nm to 6 Nm

Figure 4.29. Final current angle at load step
change from 6 Nm to 10 Nm
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4.2 MTPA Results for IPMSM

4.2.1 Steady State at 400 [rpm]

For a starting current angle at 80◦
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Figure 4.30. Final current angle at 400 rpm
and 2 Nm load torque

Figure 4.31. Final current angle at 400 rpm
and 6 Nm load torque
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Figure 4.32. Final current angle at 400 rpm and 10 Nm load torque
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For a starting current angle at 100◦
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Figure 4.33. Final current angle at 400 rpm
and 2 Nm load torque

Figure 4.34. Final current angle at 400 rpm
and 6 Nm load torque
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Figure 4.35. Final current angle at 400 rpm and 10 Nm load torque
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4.2.2 Steady State at 800 [rpm]

For a starting current angle at 80◦
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Figure 4.36. Final current angle at 800 rpm
and 2 Nm load torque

Figure 4.37. Final current angle at 800 rpm
and 6 Nm load torque
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Figure 4.38. Final current angle at 800 rpm and 10 Nm load torque
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For a starting current angle at 100◦
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Figure 4.39. Final current angle at 800 rpm
and 2 Nm load torque

Figure 4.40. Final current angle at 800 rpm
and 6 Nm load torque
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Figure 4.41. Final current angle at 800 rpm and 10 Nm load torque
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4.2.3 Steady State at 1200 [rpm]
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Figure 4.42. Final current angle at 1200 rpm
and 2 Nm load torque

Figure 4.43. Final current angle at 1200 rpm
and 6 Nm load torque
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Figure 4.44. Final current angle at 1200 rpm and 10 Nm load torque
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For a starting current angle at 100◦
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Figure 4.45. Final current angle at 1200 rpm
and 2 Nm load torque

Figure 4.46. Final current angle at 1200 rpm
and 6 Nm load torque
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Figure 4.47. Final current angle at 1200 rpm and 10 Nm load torque
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4.2.4 Step Changes Tests

Speed Step Change
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Figure 4.48. Final current angle at speed
step change from 400 rpm to 800
rpm

Figure 4.49. Final current angle at speed
step change from 800 rpm to
1200 rpm
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Figure 4.50. Final current angle at speed step change from 1200 rpm to 1600 rpm
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Load Step Change
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Figure 4.51. Final current angle at load step
change from 2 Nm to 6 Nm

Figure 4.52. Final current angle at load step
change from 6 Nm to 10 Nm
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Discussion and Conclusion 5
5.1 For SPMSM

After comparing the results of the final current angles at different speeds with the MTPA
points and curves that have been found in 3.1.1, it is possible to say the MTPA control
strategy works for SPMSM. Furthermore, the MTPA also works for the speed and load
step changes.

5.2 For IPMSM

After comparing the results of the final current angles at different speeds with the MTPA
points and curves that have been found in 3.1.1, it is possible to say that the MTPA
control strategy works for IPMSM. Furthermore, the MTPA also works for the speed and
load step changes.
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