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Symbols and Abbreviations

Symbols

GFt Eddy-current loss factor

ia, ib, ic Phase current

id, iq Direct-axis and quadrature-axis currents

imd, imq Direct-axis and quadrature-axis magnetizing currents

ir Rotor current of T model

iR Rotor current of inverse-Γ model

i′R Rotor current of Γ model

is Stator current in synchronous coordinates

iss Stator current in stator coordinates

isα, isβ Stator-current components in stator coordinates

isd, isq Stator-current components in synchronous coordinates

I Identity matrix

J Orthogonal rotation matrix

Ld, Lq Direct-axis and quadrature-axis inductances

Ldu Unsaturated direct-axis inductance

L Inductance matrix

LM Magnetizing inductance of inverse-Γ model

L′
M Magnetizing inductance of Γ model

Lσ Leakage inductance of inverse-Γ model

L′
σ Leakage inductance of Γ model

PCu Copper losses

PFt Eddy-current losses

PHy Hysteresis losses
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Symbols and Abbreviations

Ploss Total of copper losses and core losses

Rc Core-loss resistance

Rr Rotor resistance

RR Rotor resistance of inverse-Γ model

R′
R Rotor resistance of Γ model

Rs Stator resistance

Te Electromagnetic torque

us Stator voltage

α Magnetic saturation model parameter

αc Current control bandwidth

β Magnetic saturation model parameter

θ Angle of reference frame

ΛHy Hysteresis loss factor

ψd, ψq Direct-axis and quadrature-axis stator-flux components

ψR Rotor flux linkage of inverse-Γ model

ψ′
R Rotor flux linkage of Γ model

ψs Stator flux linkage

ωm Electrical angular speed of rotor

ωs Stator angular frequency

Abbreviations

AC Alternative current

DC Directive current

DTC Direct torque control

IGBT Insulated-gate bipolar transistor

IM Induction motor

PWM Pulse-width modulation

SyRM Synchronous reluctance motor

ZOH Zero-order hold
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1. Introduction

Three-phase AC motors provide a large amount of the mechanical power

used in modern industry. Induction motors (IMs) are favored due to their

simplicity, ruggedness, low cost, and ability to self-start simply by direct

connection to the mains. Synchronous reluctance motors (SyRMs) have

become increasingly important alternatives to IMs. In addition to their

simple and robust structure, the absence of the rotor winding has resulted

in higher efficiency than that achievable with IMs.

Typical electric drive applications include compressed air, pumping and

fan systems, which account for the highest industrial electricity consump-

tion. Adjusting the motor speed can result in a significant power loss re-

duction. Nowadays, an increasing number of electrical machines are fed

by frequency converters to save energy. The frequency converter trans-

forms the standard three-phase line voltage into a variable-frequency and

variable-voltage output to control the motor. It typically consists of a rec-

tifier, a DC link and a pulse-width modulated (PWM) inverter.

In 1958, the first thyristor, which was called a silicon-controlled recti-

fier, was commercially introduced by General Electric (Gutzwiller, 1960).

The introduction of thyristors brought about the era of power electronics.

In the 1960s and 1970s, the technologies of power electronics based on

the thyristor underwent rapid development. Research on variable speed

AC drives was boosted by the introduction of new power semiconductor

devices and advanced converter topologies. Today, IGBTs are commonly

used in the frequency converters, and wide bandgap power semiconduc-

tor devices are expected to become the new generation of power devices

(Millan et al., 2014).

The speed of an IM can be controlled by varying the frequency of the

power supply. However, in order to maintain a constant flux magnitude,

the applied voltage must also be changed in the same proportion as the
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frequency. This speed control method is known as Volts per Hertz or V/f

control (Schönung and Stemmler, 1964). However, V/f control is based on

steady-state characteristics, and its dynamic performance at the transient

state is far from ideal.

Vector control, also called field-oriented control, was developed by

Blaschke (1972). Vector control is commonly used in variable speed

drives. The three-phase stator currents are transformed to two orthog-

onal components which decouple the torque-producing current and the

flux-producing current. This enables AC motors to be controlled as simply

as DC motors. Direct torque control (DTC) was proposed by Takahashi

and Noguchi (1986) and Depenbrock (1988), which is based on hysteresis

control of both flux and torque using an optimum PWM output voltage.

DTC employs a switching table for selecting the optimum inverter output

voltage vectors, thus enabling a fast torque response.

Apart from variable speed drives, loss-minimizing methods have also

been used to further increase the energy efficiency of electrical machines.

For any given torque and speed, the total losses in an electrical machine

depend on the flux level. Generally, loss-minimizing controllers can be

divided into two categories (Vukosavic and Levi, 2003; Bazzi and Krein,

2010): the loss-model based controller, which uses the motor model and

parameters to calculate the loss-minimizing currents (Tsivitse and Kling-

shirn, 1971), and the online search controller, which adjusts the current

vector online based on the feedback from input power measurements

(Kirschen et al., 1985). This dissertation focuses on model-based methods.

The losses are modeled as a function of motor parameters and operating

points. The conditions for loss minimization can be determined by search-

ing the minimum of the loss function with respect to the control variable.

Electric drives without a speed or position sensor represent advantages

in terms of low costs, simplicity and high reliability. The flux estimate

is extracted from measured voltages and currents at the terminals. Var-

ious flux estimators, including open-loop estimators and closed-loop ob-

servers, have been proposed over the last two decades. These methods

differ with respect to their stability, accuracy, and parameter sensitivity.

Flux estimators based on the standard dynamic motor model are known

to be sensitive to parameter errors in the lowest speed region (Harnefors

and Hinkkanen, 2014). In order to improve the stability at low speeds, the

gains of a closed-loop flux observer should be properly selected.

The main aim of this dissertation is to develop control methods for loss-

12



minimizing and speed-sensorless IM and SyRM drives. The proposed con-

trollers improve the energy efficiency, stability, and dynamic performance

of AC motor drives. The research includes the following subtopics:

• Loss-minimizing controllers are proposed for both IMs and SyRMs

that reduce steady-state losses in the motors.

• Magnetic saturation effects of SyRMs are modeled using explicit

functions which can take into account cross saturation and the reci-

procity condition.

• A gain-scheduling design of a full-order flux observer for sensorless

IM drives is proposed to improve the robustness against model pa-

rameter errors at the lowest speeds.

• In order to improve the performance and stability of SyRMs, espe-

cially when the ratio of the sampling frequency to the fundamental

frequency is low, a discrete current controller is designed based on

the exact discrete SyRM model.

The following chapters of this dissertation are organized as follows:

Chapter 2 introduces the space-vector dynamic models of the IM and the

SyRM, as well as the magnetic saturation model for SyRMs. Chapter 3

describes the loss-minimizing methods. Chapter 4 presents the flux ob-

server design for speed-sensorless IM control. Chapter 5 introduces an

exact discrete-time model for the SyRM and a current controller design

in the discrete-time domain. Chapter 6 summaries the publications and

lists the abstracts and contributions of each publication. Finally, Chapter

7 offers the conclusions drawn from this work. The publications included

in this dissertation are reprinted at the end.



Introduction
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2. System Models

2.1 Space Vectors

A symmetric three-phase system can be described as an equivalent two-

phase system. For example, the three-phase stator currents in an electri-

cal machine can be transformed into a real-valued space vector:

iss =

⎡
⎢⎣isα
isβ

⎤
⎥⎦ =

⎡
⎢⎣2

3 −1
3 −1

3

0 1√
3

− 1√
3

⎤
⎥⎦
⎡
⎢⎢⎢⎢⎣
ia

ib

ic

⎤
⎥⎥⎥⎥⎦ (2.1)

where ia, ib and ic are the three-phase stator currents, and isα and isβ

represent the orthogonal components of the real-valued space vector. The

space vectors of other motor quantities can be defined in the same manner

as the stator currents. In this thesis, vectors and matrices are denoted

by boldface letters. Space vectors in stator coordinates are marked with

the superscript s and their orthogonal components are denoted with the

subscripts α and β.

The transformation from the stator coordinate system to the syn-

chronous coordinate system, rotating at the synchronous speed ωs, is given

by

is =

⎡
⎢⎣isd
isq

⎤
⎥⎦ = e−Jθiss =

⎡
⎢⎣ cos θ sin θ

− sin θ cos θ

⎤
⎥⎦
⎡
⎢⎣isα
isβ

⎤
⎥⎦ (2.2)

where θ =
∫
ωsdt is the angle between stator coordinates and synchronous

coordinates. The orthogonal rotation matrix is J = [ 0 −1
1 0 ]. The subscripts

d and q refer to the synchronous reference frame. Space vectors in the

synchronous reference frame are denoted without superscript.
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2.2 Motor Models

2.2.1 IM

T model

The T model of the IM is shown in Fig. 2.1. The stator and rotor voltage

equations in synchronous coordinates are given by

us = Rsis +
dψs

dt
+ ωsJψs (2.3)

0 = Rrir +
dψr

dt
+ ωrJψr (2.4)

where ψs and ψr are the stator flux linkage and the rotor flux linkage,

respectively. The stator voltage vector is denoted by us, the stator current

vector by is, and the stator resistance by Rs. The rotor current vector is ir

and the rotor resistance is Rr. The angular slip frequency ωr = ωs − ωm,

where ωm is the electrical angular speed of the rotor. The flux equations

are

ψs = Lsis + Lmir (2.5)

ψr = Lmis + Lrir (2.6)

where the stator and rotor self-inductances are Ls = Lsσ + Lm and Lr =

Lrσ + Lm, respectively. The stator leakage inductance is denoted by Lsσ,

the rotor leakage inductance by Lrσ, and the magnetizing inductance by

Lm. The electromagnetic torque is given by

Te = iTs Jψs (2.7)

where the matrix transpose is marked with the superscript T and per-unit

quantities are used. The base values of per-unit system are defined as in

Table 2.1.

The number of the inductances in the T model can be reduced to two as

one leakage inductance is sufficient (Slemon, 1989). The simplified model

can be either a Γ model or an inverse-Γ model.

dψs
r

dt
ωmJψs

r

Rriss Rs

us
s Lm

dψs
s

dt

Lsσ Lrσ

Figure 2.1. Dynamic T model of the IM in stator coordinates.
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Table 2.1. Base values of per-unit system. UN, IN, and fN are the rated values of line-to-
line voltage, current and frequency, respectively.

Voltage uB

√
2/3UN

Current iB
√
2IN

Frequency fB fN

Angular frequency ωB 2πfN

Flux linkage ψB uB/ωB

Impedance ZB uB/iB

Inductance LB ZB/ωB

Inverse-Γ Model

The inverse-Γ model in stator coordinates is shown in Fig. 2.2. The pa-

rameters and variables of the T model can be transformed into those of

the inverse-Γ model using the factor

γ =
Lm

Lr
(2.8)

as follows:

LM = γLm, Lσ = Lsσ + γLrσ, RR = γ2Rr, ψR = γψr, iR = ir/γ

(2.9)

The rotor voltage equation becomes

0 = RRiR +
dψR

dt
+ ωrJψR (2.10)

The stator and rotor flux linkages are given by

ψs = (Lσ + LM)is + LMiR (2.11)

ψR = LM(is + iR) (2.12)

respectively. The electromagnetic torque equation remains the same as

(2.7). The inverse-Γ model is preferred for control purposes since it leads

to simpler equations. The inverse-Γ model is applied in Publication IV and

Publication V.

dψs
R

dt
ωmJψs

R

RRiss Rs

us
s LM

dψs
s

dt

Lσ

Figure 2.2. Dynamic inverse-Γ model of the IM in stator coordinates.
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dψ′
R
s

dt
ωmJψ′

R
s

R′
Riss Rs

us
s

dψs
s

dt

L′
σ

L′
M

Figure 2.3. Dynamic Γ model of the IM in stator coordinates.

Γ Model

The Γ model in stator coordinates is shown in Fig. 2.3. The parameters

and variables of the T model can be transformed to those of the Γ model

using the factor

γ′ =
Ls

Lm
(2.13)

as follows:1

L′
M = Ls, L′

σ = γ′Lsσ + γ′2Lrσ, R′
R = γ′2Rr, ψ′

R = γ′ψr, i′R = ir/γ
′

(2.14)

The rotor voltage equation becomes

0 = R′
Ri

′
R +

dψ′
R

dt
+ ωrJψ

′
R (2.15)

The stator and rotor flux linkages are given by

ψs = L′
M(is + i′R) (2.16)

ψ′
R = ψs + L′

σi
′
R (2.17)

respectively. The electromagnetic torque equation remains the same as

(2.7). The Γ model is particularly suited for modeling the parameter vari-

ations rather than the inverse-Γ model (Slemon, 1989; Hinkkanen et al.,

2006). The Γ model is applied in Publication I.

2.2.2 SyRM

The dynamic equivalent circuit of the SyRM in rotor coordinates is illus-

trated in Fig. 2.4. The d-axis of the rotating coordinate system is defined

as the direction of the maximum inductance. The stator-voltage equation

is

us = Rsis +
dψs

dt
+ ωmJψs (2.18)

The stator current is

is = L−1ψs (2.19)

1In Publication I, where only the Γ model is used, the prime of the notations was
omitted.
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ωmJψs
is Rs

us
dψs

dt
L

Figure 2.4. Dynamic model of an SyRM in rotor coordinates.

where the inductance matrix is

L =

⎡
⎢⎣Ld 0

0 Lq

⎤
⎥⎦ (2.20)

where Ld and Lq are the direct-axis and quadrature-axis inductances, re-

spectively. The electromagnetic torque for per-unit quantities is

Te = iTs Jψs = iqψd − idψq (2.21)

where id and iq represent the direct-axis and quadrature-axis components

of the stator current, respectively.

2.3 Magnetic Saturation

The inductances of an electrical machine depend on the flux linkages (or

the currents) due to magnetic saturation. When the current or flux is in-

creased from zero, the inductance first increases slightly due to initial

magnetic permeability, then the inductance drops due to saturation and

gradually approaches a constant (fully saturated) level (Yamamoto et al.,

2007). The saturation effects of the d-axis are more significant than those

of the q-axis. There is coupling between the orthogonal axes, i.e., the d-

axis inductance varies with not only the d-axis current but also with the

q-axis current and vice versa (Vagati et al., 2000). Variation in the induc-

tances can drastically affect loss-minimizing control and speed sensorless

control in terms of precision and dynamics. Cross-saturation effects are

usually more significant in SyRMs than those in IMs. This section inves-

tigates the magnetic saturation of the SyRM.

The inductance value cannot be measured directly, i.e., only the stator

current, the stator voltage and the rotor speed are measurable. Usually,

the inductances are identified using measurements (Armando et al., 2013)

or finite-element methods (Zhao et al., 2011). The results are used to gen-

erate a look-up table or fitted to an approximate function. Explicit func-

tions are preferable because they are convenient in numerical analyses
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and simulations and can also be easily embedded in dynamic equivalent

circuits. Explicit function models do not need to store the measured in-

ductances and they are continuous and differentiable, contrary to look-up

tables.

In some applications, a very simple saturation model may suffice.

Mademlis (2003) models the d-axis inductance using a piecewise func-

tion which divides the saturation curve into two linear parts. Piecewise

functions can simplify the mathematical expressions. However, they are

not differentiable on the boundary and lead to large fitting errors. Poly-

nomial functions have been used in (Kilthau and Pacas, 2002) and the

coefficients are determined using the method of least squares. This model

takes into account cross-saturation effects. The accuracy of polynomial fit-

ting depends on the degree of the polynomial. The main disadvantage of

the polynomial model is that the accuracy significantly deteriorates out-

side the range of the data. A modified arctangent function has been also

used in earlier work (Corzine et al., 1998; Plexim GmbH, 2012). The pa-

rameters of this model have physical interpretation, leading to compar-

atively an easy fitting procedure. However, these models have not taken

into account cross saturation. Yamamoto et al. (2007) proposed a satura-

tion model using modified rational functions. This model takes cross sat-

uration into account and yields good fitting results, though their model

requires 16 parameters.

Publication II proposed a modified power function model. The purpose

was to develop an explicit function model that 1) fits well to the satu-

ration curves; 2) keeps the number of parameters small; 3) takes cross-

saturation effects into account; 4) fulfills the reciprocity condition; and 5)

leads to an easy fitting procedure. The starting point for developing the

saturation model is a simple power function model proposed by de Jong

(1980)

id(ψd) =
ψd

Ldu
[1 + (α|ψd|)a] (2.22)

where Ldu is the unsaturated inductance and α and a are nonnegative

constants. This simple model was found to accurately represent the satu-

ration characteristic if cross saturation is omitted. The conservation of

energy leads to the reciprocity condition (Chua, 1980; Melkebeek and

Willems, 1990; Sauer, 1992; Vagati et al., 2000)

∂ψd

∂iq
=

∂ψq

∂id
, (2.23)

In Publication II, the function (2.22) was modified in order to take cross
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Figure 2.5. Results of experimental data fitting: (a) Ld as a function of ψd for three dif-
ferent values of ψq: 0.1 p.u. (black line), 0.2 p.u. (blue line) and 0.3 p.u. (red
line); (b) Lq as a function of ψq for three different values of ψd: 0.6 p.u. (black
line), 0.8 p.u. (blue line) and 1.0 p.u. (red line).

saturation into account while fulfilling the reciprocity condition (2.23). In

order to develop explicit functions which fulfill the reciprocity condition,

functions of the following form can be considered (Vagati et al., 2000):

id(ψd, ψq) = id(ψd, 0) +
df(ψd)

dψd
g(ψq) (2.24a)

iq(ψd, ψq) = iq(0, ψq) + f(ψd)
dg(ψq)

dψq
(2.24b)

where the first terms id(ψd, 0) and iq(0, ψq) are the currents in no-load

conditions. It can be easily seen that these functions fulfill (2.23). Aug-

menting the power function with f(ψd) ∝ ψc+2
d and g(ψq) ∝ ψd+2

q yields

the modified power function model proposed in Publication II:

id(ψd, ψq)=
ψd

Ldu

[
1 + (α|ψd|)a + γLdu

d+2
|ψd|c|ψq|d+2

]
(2.25a)

iq(ψd, ψq)=
ψq

Lqu

[
1 + (β|ψq|)b + γLqu

c+2
|ψd|c+2|ψq|d

]
(2.25b)

where Ldu and Lqu are the unsaturated inductances, and α, β, γ, a, b, c,

and d are nonnegative constants. The model has nine parameters in total.

The modified power functions are physically consistent and can preserve

the saturation characteristics outside the range of data. The models using

rational functions or polynomial functions do not have this property. Even

though they can fit well to the data, the fitting results can lead to infinite

or negative inductance values outside the range of data.

The measured inductance data and the curves from the fitted functions

are shown in Fig. 2.5. The d-axis inductance Ld is shown as a function of

ψd for three different values of ψq in Fig. 2.5(a). A similar representation

for the q-axis inductance Lq is used in Fig. 2.5(b). It can be seen that the

function (2.25) fits very well to the measured data.
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3. Loss Minimization

The losses in the motors can be reduced using loss minimization meth-

ods, which can be divided into two categories: loss-model based controllers

and online search controllers. The loss-model based controllers model the

losses as functions of motor parameters and operating conditions. The

efficiency-optimal control variable is calculated by minimizing the total

loss function. The online search methods adjust the control variable based

on the feedback of the input power measurements. The online search

controllers typically have slow convergence and can cause torque distur-

bances (Bazzi and Krein, 2010). This dissertation focuses on loss-model

based methods. Loss-minimizing methods for IMs have been reviewed in

(Abrahamsen et al., 1998; Vukosavic and Levi, 2003; Bazzi and Krein,

2010) and those for SyRMs are reviewed in Publication III. In order to ob-

tain an analytical solution, conventional methods usually omit saturation

effects or use a very simple saturation model, thereby simplifying the loss

function by omitting hysteresis losses. The inaccuracy of the loss model

and inductances will cause deviation from the ideal maximum efficiency

points.

This dissertation proposes loss-minimizing controllers for IMs and

SyRMs, which take into account both hysteresis losses and saturation

effects. The loss-minimizing controllers are evaluated in terms of their

parameter sensitivity and dynamic performance. This chapter briefly in-

troduces the loss-minimizing method for IM proposed in Publication I.

3.1 Copper Losses and Core Losses

The main losses in an electrical machine are result from copper losses and

core losses. Copper losses represent the ohmic losses in the winding as the

current flows through the winding. Copper losses dominate when the load
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Figure 3.1. Dynamic Γ model of the IM in synchronous coordinates with the core-loss
resistance.

is high. For the Γ model of the IM, the copper losses can be expressed as

PCu = Rsi
2
s +R′

Ri
′2
R (3.1)

where per-unit quantities are assumed. The magnitudes of the stator cur-

rent and rotor current are denoted by is = ‖is‖ and i′R = ‖i′R‖, respec-

tively. The magnitudes of other vector quantities are denoted similarly.

Core losses represent the losses in the motor due to varying flux in the

magnetic material. They can mainly be classified into hysteresis losses

and eddy-current losses. Eddy-current losses are due to circular currents

induced by the varying magnetic field, while hysteresis losses are the en-

ergy consumed in magnetizing and demagnetizing a magnetic material

(Shultz, 1997). The core losses at low frequencies (in the range of funda-

mental frequencies) can be modeled as

PFe = GFtω
2
sψ

2
s + ΛHy|ωs|ψ2

s (3.2)

where the first term corresponds to the eddy-current losses and the second

term corresponds to the hysteresis losses. The constants GFt and ΛHy de-

termine the ratio between the loss components at a given stator flux and

angular frequency. They can be identified using no-load tests at different

frequencies and flux levels.

Copper losses and core losses represent particularly the main losses for

the purpose of loss minimization, since other losses are independent of

control, or their effects are minor.

3.2 Loss Minimization Algorithm

The dynamic Γ model of the IM, including the core-loss resistance, is

shown in Fig. 3.1. The core-loss resistance in the steady state is

Rc =
1

ΛHy/|ωs|+GFt
(3.3)
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Generally, the effect of cross saturation is minor in the case of typical

IMs. Therefore, a simplified magnetic saturation model (de Jong, 1980;

Vukosavic and Levi, 2003) is used in loss-minimizing control:

LM(ψs) =
Lu

1 + (βψs)S
(3.4)

where Lu is the unsaturated inductance, and S and β are nonnegative

constants. These parameters can be identified using a series of no-load

tests at different voltage levels.

The basic principle of the loss-model based controller is minimize the to-

tal copper losses and core losses under the constraints of maximum volt-

age and current limits. If the rotor flux magnitude ψ′
R is selected as the

loss-minimizing control variable, the power-loss function should be formu-

lated as

Ploss = f(Te, ωs, ψ
′
R) (3.5)

This function can be derived by equations based on the dynamic Γ model

of the IM.

The total losses should be minimized, while the electromagnetic torque

and the rotor speed should be controlled to their desired values. At each

sampling period, the given rotor speed and torque are assumed to be

constant parameters. Due to nonlinear inductance and core-loss resis-

tance, the mathematical expression of the loss function is complicated,

and the analytical solution of ψ′
R which minimizes Ploss cannot be de-

rived. However, the loss-minimizing rotor flux can be determined using

a minimum searching method, e.g., the golden section method. Due to

the rotor time constant, the reduced rotor flux will result in a slow dy-

namic response. In order to speed up the rotor-flux dynamics, a propor-

tional flux controller with a feedforward term was proposed in Publica-

tion I. The loss-minimizing flux control is integrated with a voltage feed-

back field-weakening algorithm to provide smooth transitions between

the loss-minimizing region at low speeds, and the voltage-feedback field-

weakening region at higher speeds.

3.3 Experimental Validation

The proposed loss-minimizing flux controller improves energy efficiency

at the steady state. Fig. 3.2 shows the experimental results of the loss-

minimizing flux control and constant-flux control. Comparison of the loss

measurements for the two controllers showed that the proposed method
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Figure 3.2. Experimental results showing the total losses of the 2.2-kW IM using pro-
posed loss-minimizing control (solid line) and constant-flux control (dashed
line). Tm is the measured mechanical torque.
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Figure 3.3. S5 duty cycles. The cycle duration is 3 s.

significantly reduces the steady-state losses in low-load and over-load op-

erations. The proposed loss-minimizing controller was also investigated

for dynamic applications. Intermittent periodic duty with acceleration

and electric breaking (IEC duty type S5) was carried out in experiments.

The duty cycles with cycle duration of 3 s are shown in Fig. 3.3. The mea-

sured input power for different cycle durations between 1 s and 7 s is

shown in Fig. 3.4. In the case of the shortest cycle durations, the cur-

rent required for changing the flux in accelerations and decelerations con-

tributes to the losses so much that the constant-flux operation becomes

more beneficial.

Publication IV proposed a loss-minimizing controller for SyRMs. The
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Figure 3.4. Input power measurement of S5 duty cycles.

principle underlying loss minimization in SyRMs is similar to that in IMs.

However, the saturation effects of SyRMs are more significant than those

of IMs. The saturation effects are modeled using the model proposed in

Publication II, which takes into account cross saturation. Since this model

is more complicated, searching for the loss-minimizing point becomes too

computationally demanding for real-time control. Instead of calculating

the loss-minimizing point in real time, the optimal control variable is cal-

culated offline and fitted to a simple function for online implementation.

For SyRMs, torque dynamics can be maintained even with a reduced flux

level because the flux is directly proportional to the stator current, con-

trary to IMs.
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4. Flux Observers for IMs

Field-oriented control of IMs requires knowing the position of the rotor

flux. Measuring the physical rotor position of IMs does not yield the rotor

flux angle because of the slip. It is therefore necessary to apply a flux

estimator, which can be either a speed-sensored estimator or a speed-

sensorless estimator. Generally, an electric drive without a speed sensor

installed is preferred, since eliminating the sensor can reduce the over-

all cost of the setup. This makes the mechanical setup and maintenance

less troublesome, and improves the reliability, especially in hostile envi-

ronments.

Flux estimators are typically based on the standard dynamic motor

model which relies on the motor parameters. At the lowest speeds, the

back-electromotive force induced by the rotational movement of the rotor

is extremely small, and the influences of parameter errors and measure-

ment errors become critical. The flux estimator is also severely affected

by the nonlinearities of the inverter at the lowest speeds, thus the per-

formance of flux estimators deteriorates at low speeds. Although various

flux estimation methods have been proposed, most of these fail to solve

the stability problem at low speeds.

This chapter describes the flux estimators for IMs, reviews different flux

estimation methods, as well as discusses their stability and performance.

The gains of the closed-loop flux estimators can be properly selected to

improve stability. It is also possible to vary the gains as functions of the

operating speed to achieve a desired damping of the estimation error dy-

namics. The gain scheduling method for a speed-adaptive full-order flux

observer was proposed in Publication V.
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4.1 Voltage Model

The integration of the stator voltage equation gives the traditional volt-

age model flux estimator. The main advantage of the voltage model is that

the speed is not present in the equation, thus making it an inherently

sensorless flux estimator. However, the voltage model is sensitive to the

parameter error of the stator resistance in the low-speed region, where

the signal-to-noise ratio of the stator voltage measurement is very poor

and voltage drop in the stator resistance is dominant. Furthermore, the

pure open-loop integrator in the voltage model is marginally stable, and

offset in the current measurement will cause drift at all frequencies. To

solve the drift problem, the pure integrator can be replaced by a low-pass

filter (Takahashi and Noguchi, 1986; Hurst et al., 1998). The low-pass

filter induces a steady-state error into the estimate, which must be com-

pensated for by a compensation term (Shin et al., 2000; Hinkkanen and

Luomi, 2003). Bose and Patel (1997) proposed programmable low-pass fil-

ters which select the filter bandwidth proportional to the stator frequency.

The modified voltage models are very simple. However, the inherent pa-

rameter sensitivity properties of the voltage model still remain. Voltage

models are known to be sensitive to stator resistance variation, inverter

nonlinearity and measurement errors at low speeds. Therefore they fail

to provide satisfactory performance at the lowest speeds.

4.2 Reduced-Order Observer

The standard method in control theory for estimating non-measurable

state variables is to apply a full-order observer. However, since the sta-

tor current is a measurable quantity, there is no immediate need for

calculating an estimate thereof. Rather, a reduced-order observer can be

constructed. The observer developed by Ohtani et al. (1992) can be seen

as a simplified inherently sensorless reduced-order observer. A typical

reduced-order flux observer have been used in previous work (Verghese

and Sanders, 1988; Harnefors, 2001; Hinkkanen et al., 2010). The ob-

server structure in estimated rotor flux coordinates can be expressed as

dψ̂R

dt
+ ω̂sJψ̂R = e+G(ê− e) (4.1)

where G is the observer gain matrix, and symbols with circumflex denote

estimates. The two expressions for the back EMF induced by the rotor flux
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are

e = us − R̂sis − L̂σ
dis
dt

− ω̂sLσJis (4.2a)

ê = R̂Ris −
(
R̂R

L̂M

I − ωmJ

)
ψ̂R (4.2b)

where the identity matrix is I = [ 1 0
0 1 ]. If the gain of the reduced-order

observer G is selected to be a zero matrix, the pure voltage model is ob-

tained (Hinkkanen et al., 2010), and if G is selected to be I, the current

model is obtained. The current model is a speed-sensored flux estima-

tor, since it requires the rotor speed. As a speed-sensored estimator, it is

known to give stable operation in the low-speed region (Harnefors and

Hinkkanen, 2014). The current model is sensitive to R̂R and L̂M at high

frequencies (Jansen and Lorenz, 1994). It has been suggested that the cur-

rent model observer be used at low speed and the voltage model at high

speeds (Jansen and Lorenz, 1994; Jansen et al., 1994). The reduced-order

observer inherently combines the voltage model and the current model

which could complement one another.

In order to make the observer independent of the rotor speed estimate,

the observer gain matrix was selected as

G =
G′ψ̂Rψ̂

T

R

ψ̂2
R

(4.3)

where G′ = gdI + gqJ is a gain matrix. With this gain selection, the term

proportional to ωm in (4.2b) vanishes. An approximate relationship has

been derived between the reduced-order and full-order observer gains in

(Harnefors and Hinkkanen, 2008). This reduced-order observer was used

as a benchmark method in Publication V, and the general stabilizing gain

selection proposed in (Hinkkanen et al., 2010) was applied.

4.3 Speed-Adaptive Full-Order Observer

4.3.1 Observer Structure

The speed-adaptive full-order observer proposed by Kubota et al. (1993)

is expressed as

dx̂

dt
= Âx̂+Bus +K(is − îs) (4.4a)

îs = Cx̂ (4.4b)
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The state estimate vector is

x̂ =

⎡
⎢⎣ îs

ψ̂R

⎤
⎥⎦ (4.5)

and the system matrices are

Â =

⎡
⎢⎣− R̂σ

Lσ
I−ω̂sJ

1
L̂σ

( R̂R

L̂M
I−ω̂mJ)

R̂RI − R̂R

L̂M
I−(ω̂s−ω̂m)J

⎤
⎥⎦ , B̂ =

⎡
⎢⎣ 1

L̂σ
I

O

⎤
⎥⎦ , C =

[
I O

]

(4.6)

where the total resistance estimate is R̂σ = R̂s + R̂R. The observer gain

matrix is

K =

⎡
⎢⎣Ks

Kr

⎤
⎥⎦ =

⎡
⎢⎣ksdI + ksqJ

krdI + krqJ

⎤
⎥⎦ (4.7)

The rotor speed estimate is obtained using the conventional adaptation

law

ω̂m = kpψ̂
T

RJĩs +

∫
kiψ̂

T

RJĩsdt (4.8)

where kp and ki are the speed adaptation gains. The current estimation

error ĩs = is − îs, and estimation errors of other variables are marked

similarly.

4.3.2 Observer Gain Selection

The selection of the observer gains can be a difficult task. Large observer

gains result in faster convergence. However, as the observer gains are in-

creased, the sensitivity to noise increases as well. The classical approach

to observer gain selection is to design the observer poles proportional

to the motor poles (Kubota et al., 1993). It was found that the adap-

tive observer is unstable in a small area in regenerating mode at low

speeds. Kubota et al. (2002) improved the gain design by selecting the

proportional constant as a function of stator frequency and rotor speed in

the regenerating mode. Harnefors (1997) proposed a gain selection that

yields well-damped and comparatively robust estimation-error dynamics

at higher speeds. However, the drawback of this gain selection is that

it results in an unstable region at low speeds in the regenerating mode

(Harnefors and Hinkkanen, 2008).
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Sangwongwanich et al. (2007) proposed general stabilizing observer

gains

Ks =
r − R̂σ

L̂σ

I +
x

L̂σ

J (4.9a)

Kr =

(
R̂R − r +

R̂R

L̂M

l

)
I + (ω̂ml − x)J (4.9b)

where l > 0, r > 0, and x can be freely chosen. With these gains, the

closed-loop estimation error dynamics are locally stable in any operating

point (for positive kp and ki). The three free parameters l, r, and x can be

selected as functions of the speed estimate (or the stator frequency). How-

ever, the selection of the three parameters in (Sangwongwanich et al.,

2007) results in dynamics of the observer equivalent to those of the pure

voltage model at zero frequency. Chen et al. (2014) proposed a feedback

gain selection based on the speed convergence rate, which satisfies gen-

eral stabilizing conditions (4.9). In the low-speed operating region, the

gains are selected to eliminate the unstable area, and zero gains are

adopted in the other operating region below the rated speed. However,

the zero observer gains may cause problems at high speeds due to poor

damping (Hinkkanen, 2004).

The key contribution of Publication V is a proposed gain design method

based on the general stabilizing observer gain design framework pre-

sented in (Sangwongwanich et al., 2007). The gains are scheduled for the

entire operating speed region. The three design parameters l, r, and x

are selected so that the observer gains at higher speeds resemble those in

(Harnefors, 1997), while avoiding the voltage-model behavior of those in

(Sangwongwanich et al., 2007). Furthermore, a resistance adaptation law

was applied to improve the stability when operating at low speed. The

stator-resistance adaptation gain is linearly reduced with the increase

of ω̂s to gradually disable the adaptation at high speeds due to the poor

signal-to-noise ratio of stator-resistance estimation at higher stator fre-

quencies. The proposed observer design has led to a completely stable,

well-damped, and comparatively robust system.
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5. Discrete Current Control

Controllers in the electric drives are implemented in a digital proces-

sor instead of analog electronics. The controller can be designed in the

continuous-time domain and discretized using, e.g., Euler’s or Tustin’s

methods, commonly referred to as emulation. Usually the emulation de-

sign can achieve good performance if the sampling frequency is high.

However, the discrete controller based on the continuous design may en-

counter limitations due to sampling and delays (Yim et al., 2009). When

the fundamental-to-sampling frequency ratio is high, the discrete con-

troller has poor performance or even instabilities. In order to achieve good

performance, the controller can be designed in the discrete domain and be

based on a discrete model. This chapter presents the discrete current con-

trol design proposed in Publication VI, which is suitable for SyRMs. An

exact discrete model of the SyRM and the current controller based on the

exact model are briefly introduced.

5.1 Exact Discrete-Time Model

The state-space representation of the SyRM in rotor coordinates is

dψs(t)

dt
= Aψs(t) +Bus(t) (5.1a)

is(t) = Cψs(t) (5.1b)

The system matrices are

A =

⎡
⎢⎣−Rs/Ld ωm

−ωm −Rs/Lq

⎤
⎥⎦ , B = I, C =

⎡
⎢⎣1/Ld 0

0 1/Lq

⎤
⎥⎦ (5.2)

The exact closed-form discrete-time model for SyRMs in rotor coordinates

has been derived assuming that the ZOH of the stator voltage is in stator

coordinates. This assumption is physically well justified. The rotor speed
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Figure 5.1. Discrete-time modeling of a converter-fed SyRM drive. The sampling of the
stator currents is assumed to be synchronized with the PWM. The model
incudes the effects of the ZOH in stator coordinates, coordinate transforma-
tions, and computational time delay z−1.

and the motor parameters are assumed to be quasi-constants. Sampling

of the stator currents is assumed to be synchronized with the PWM. The

sampling used averaged quantities in the switching-cycle. Under these

assumptions, the stator voltage is piecewise constant in stator coordinates

between the two consecutive sampling instants, which corresponds to a

zero-order hold (ZOH) in stator coordinates.

The discrete-time state-space representation is given by

ψs(k + 1) = Φψs(k) + Γus(k) (5.3a)

is(k) = Cψs(k) (5.3b)

where Φ, Γ , and C are the discrete-time system matrices. The discrete-

time state matrix is

Φ = eATs (5.4)

The discrete-time input matrix becomes

Γ =

∫ Ts

0
eAτe−ωm(Ts−τ)Jdτ (5.5)

If the stator current is chosen as a state variable, the state equation can

be expressed as

is(k + 1) = Fis(k) +Gus(k) (5.6)

where the new system matrices are

F = CΦC−1, G = CΓ (5.7)

These discrete-time matrices provide the mapping between the

continuous-time model (with physical parameters) and the discrete-time

model. The discrete-time modeling of the SyRM drive is shown in Fig. 5.1.
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Figure 5.2. 2DOF state-space current controller with an integral action. The gains K1,
K2, Ki, and Kt are 2× 2 matrices.

5.2 Discrete-Time Controller

Harnefors and Nee (1998) proposed a model-based current controller of

AC motor using the internal model control method. The controller pa-

rameters are expressed using only the motor parameters and the desired

closed-loop bandwidth. The tuning of the controller gains was simplified to

select only the control bandwidth. The discrete-time controller proposed

in Publication VI can be seen as a counterpart of the control design in the

discrete-time domain.

The proposed control law is

xi(k + 1) = xi(k) + is,ref(k)− is(k) (5.8a)

us,ref(k) = Ktis,ref(k) +K ixi(k)−K1is(k)−K2us(k) (5.8b)

where xi is the integral state, K i is the integral gain, Kt is the feed-

forward gain, K1 and K2 are the state-feedback gains, and us(k + 1) =

us,ref(k). The discrete controller is shown in Fig. 5.2.

5.2.1 Stability Analysis

The robustness of the proposed current controller has been analyzed

against errors of the three parameters Ld, Lq, and Rs. One of the actual

parameters is varied in a range from 0 to 2.5 times the estimate value,

and the other two parameters match with their estimates. The controller

gains are calculated using the parameter estimates. The eigenvalues of

the closed-loop system are calculated for the bandwidth αc in a range from

0 to 2π·500 rad/s. Four different designs are evaluated:

Design 1: approximation of the continuous-time design using the Euler

method;

Design 2: proposed design based on the approximate model with Ψ = I;
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(a) (b)

Figure 5.3. Stability maps as a function of the desired bandwidth αc and the ratio Ld/L̂d.
The electrical angular frequency is 0 Hz and the sampling frequencies are 1
kHz (a) and 2 kHz (b).

Design 3: proposed design based on the approximate model with Ψ =

I + (Ts/2)A;

Design 4: proposed discrete-time design based on the exact model.

The following results examine three different electrical angular frequen-

cies of 0 Hz, 100 Hz and 200 Hz, and two different sampling frequencies

of 1 kHz and 2 kHz.

Fig. 5.3 shows the stability maps at zero speed as a function of the de-

sired bandwidth αc and the ratio Ld/L̂d. It can be seen that the proposed

design based on the exact model has the same stable region as those based

on the approximate models, while the continuous-time design has a com-

paratively smaller stable region than those of the other designs. It can

be seen that increasing the sampling frequency from 1 kHz to 2 kHz ex-

pands the stable region of all these designs. Fig. 5.4 shows the results

at an electrical angular frequency of 100 Hz. As the operating frequency

increases, differences emerge between the designs using the exact model

and approximate models. It can be seen that Design 3 has an overlapped

stable region with that of the proposed design based on the exact model.

The results at a 200-Hz electrical angular frequency are shown in Fig. 5.5.

It can be seen from Fig. 5.5(a) that when the sampling frequency is 1 kHz,

Design 1 has no stable region at all. The stable region of Design 2 is very

small and those of Design 3 and 4 are comparatively large. Based on the

stability analysis of Lq, the results are very similar to those of Ld. The

system is insensitive to errors in Rs. Examples of the stability maps con-

sidering parameter errors in Rs at an electrical angular frequency of 200

Hz are shown in Fig. 5.6.
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(a) (b)

Figure 5.4. Stability maps as a function of the desired bandwidth αc and the ratio Ld/L̂d.
The electrical angular frequency is 100 Hz and the sampling frequencies are
1 kHz (a) and 2 kHz (b).

(a) (b)

Figure 5.5. Stability maps as a function of the desired bandwidth αc and the ratio Ld/L̂d.
The electrical angular frequency is 200 Hz and the sampling frequencies are
1 kHz (a) and 2 kHz (b).

5.2.2 Experimental Results

The discrete-time current controllers were experimentally investigated

using a 6.7-kW SyRM drive. Fig. 5.7 shows examples of experimental

results at the rotor speed ωm = 2π · 200 rad/s. The desired bandwidth

is αc = 2π · 100 rad/s and the sampling frequency is 2 kHz. Results of

the discrete-time design based on the approximate model using the Eu-

ler method are shown in Fig. 5.7(a); for comparison, the results of the

proposed method are shown in Fig. 5.7(b). The stator voltage is approxi-

mately zero until t = 0.02 s; however, after the step in id,ref , the voltage

increases up to about 80% of the rated value. The design based on the Eu-

ler approximate model has much noise and leads to some cross-coupling.

The performance of the proposed design is much better. The ripple seen in

the waveforms originates mainly from the imperfect magnetic saturation

model.
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(a) (b)

Figure 5.6. Stability maps as a function of the desired bandwidth αc and the ratio Rs/R̂s.
The electrical angular frequency is 200 Hz and the sampling frequencies are
1 kHz (a) and 2 kHz (b).
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Figure 5.7. Experimental results at a rotor speed of ωm = 2π ·200 rad/s: (a) Discrete-time
design based on the approximate model using the Euler method; (b) Discrete-
time design based on the exact model. The desired bandwidth is αc = 2π · 100
rad/s and the sampling frequency is fs = 2 kHz. Sampled values of id (blue),
iq (red), and their references (black) are shown.
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6. Summary of Publications

6.1 Abstracts

The abstracts of the publications are reprinted here. Publications I, III

and IV deal with loss-minimizing control. Publication II deals with the

magnetic saturation model of the SyRM. Publication V considers the flux

observer design for sensorless IM drives. Publication VI deals with the

discrete current controller design suitable for SyRMs.

Publication I

The paper applies a dynamic space-vector model to loss-minimizing con-

trol in induction motor drives. The induction motor model, which takes

hysteresis losses and eddy-current losses as well as the magnetic satu-

ration into account, improves the flux estimation and rotor-flux-oriented

control. Based on the corresponding steady-state loss function, a method

is proposed for solving the loss-minimizing flux reference at each sampling

period. A flux controller augmented with a voltage feedback algorithm is

applied for improving the dynamic operation and field weakening. Both

the steady-state and dynamic performance of the proposed method is in-

vestigated using laboratory experiments with a 2.2-kW induction motor

drive. The method improves the accuracy of the loss minimization and

torque production, it does not require excessive computational resources,

and it shows fast convergence to the optimum flux level.

Publication II

This paper deals with the modeling of the magnetic saturation in syn-

chronous reluctance motors (SyRMs). The saturation is modeled by means
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of analytical expressions, which can be easily embedded in dynamic

equivalent-circuit models. A modified power function—proposed in this

paper—can take into account the cross saturation between the orthogo-

nal windings, it is physically consistent, and the number of its parame-

ters is small. The function can be used in real-time control applications

and in computer simulations. The model fits well to the experimentally

measured inductances of a 6.7-kW SyRM. As an application example, the

proposed saturation model was implemented in a full-order observer of a

motion-sensorless drive, and experimental results are shown.

Publication III

This paper reviews state-of-the-art loss-minimizing control strategies for

synchronous reluctance motors. Methods can be categorized as loss-model

controllers (LMCs) and search controllers (SCs). For LMCs, different loss

models and the corresponding optimal solutions are summarized. The ef-

fects of the core losses and magnetic saturation on the optimal stator cur-

rent are investigated; magnetic saturation is a more important factor than

the core losses. For SCs, different search algorithms are presented and

compared. The SCs are evaluated based on their convergence speed, pa-

rameter sensitivity, accuracy, and the torque ripple caused by the search

process.

Publication IV

This paper proposes a loss-minimizing controller for synchronous reluc-

tance motor drives. The proposed method takes core losses and magnetic

saturation effects into account. The core-loss model consists of hystere-

sis losses and eddy-current losses. Magnetic saturation is modeled using

two-dimensional power functions considering cross coupling between the

d- and q-axes. The efficiency optimal d-axis current is calculated offline us-

ing the loss model and motor parameters. Instead of generating a look-up

table, an approximate function was fitted to the loss-minimizing results.

The loss-minimizing method is applied in a motion-sensorless drive and

the results are validated by measurements.

Publication V

This paper deals with the design of a speed-adaptive full-order observer

for sensorless induction motor (IM) drives. A general stabilizing observer
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gain matrix, having three free design parameters, is used as a design

framework. A gain-scheduled selection of the free design parameters is

proposed. Furthermore, the full-order observer is augmented with the

stator-resistance adaptation, and the local stability of the augmented ob-

server is analyzed. The performance of the proposed full-order observer

design is experimentally compared with a reduced-order observer using a

2.2-kW IM drive.

Publication VI

This paper deals with discrete-time models and current control methods

for synchronous motors with a magnetically anisotropic rotor structure,

such as interior permanent-magnet synchronous motors (IPMSMs) and

synchronous reluctance motors (SyRMs). Dynamic performance of cur-

rent controllers based on continuous-time models is limited, especially if

the ratio of the sampling frequency to the fundamental frequency is low.

An exact closed-form hold-equivalent discrete motor model is derived. The

zero-order hold of the stator-voltage input is modeled in stationary coordi-

nates, where it physically is. An analytical discrete-time pole-placement

design method for a two-degree-of-freedom state-space current controller

with an integral action is proposed. The proposed method is easy to apply:

only the desired closed-loop bandwidth and the three motor parameters

(Rs, Ld, Lq) are required. The robustness of the proposed current control

design against parameter errors is analyzed. The controller is experimen-

tally verified using a 6.7-kW SyRM drive.

6.2 Contribution of the Thesis

The main contributions of the thesis can be summarized as follows:

• Loss-minimizing controllers are proposed for IMs and SyRMs which

take into account the magnetic saturation effects and core losses.

(Publication I, Publication IV)

• A magnetic saturation model is proposed for SyRMs using explicit

power functions. (Publication II)

• A gain scheduling method is proposed for a speed-adaptive full-order

flux observer for sensorless IM drives. (Publication V)

• An exact discrete-time motor model and discrete-time design of the
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current controller suitable for SyRMs are proposed. (Publication VI)
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7. Conclusions

This dissertation proposed loss-minimizing control of IM and SyRM

drives. Loss-model based methods were used to minimize losses in the mo-

tors. The loss-minimizing controllers used motor models that take into ac-

count magnetic saturation effects and core losses. The method minimized

the loss function for any given torque and speed. The rated flux level usu-

ally leads to good energy efficiency at the rated load and speed. However,

when the load torque is lower or higher than the rated, the rated flux will

not result in maximum efficiency. Speed also affects loss minimization,

since core losses depend on the frequency. However, the influence of speed

is not as significant as that of torque. The loss-minimizing controllers pre-

sented in Publication I and Publication IV adjust the flux (or the d-axis

current) based on the torque and speed in order to minimize total losses

in the motor. The steady-state energy efficiency has been significantly im-

proved for all the operating points compared to that in the conventional

constant-flux approach. The proposed method can slightly increase the en-

ergy efficiency compared with those loss-minimizing methods using con-

stant core-loss and inductance parameters.

Based on the parameter sensitivity analysis of the loss-minimizing

method, it was found in Publication III that variations in the inductances

can affect the optimal flux even more significantly than core-loss model

parameters. Furthermore, the saturation model is also very important

for the flux observers. These findings motivate the research of developing

the magnetic saturation model. The magnetic saturation model of SyRMs

was emphatically studied, since the saturation effects in SyRMs are more

dramatic. A modified power function model was proposed that takes into

account the cross coupling between the orthogonal axes. The proposed

saturation model fits well to the measurement results and improves the

accuracy of loss minimization and flux estimation.
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Conclusions

A drive without a speed or position sensor installed is preferred in many

applications. It is well known that sensorless control has instability phe-

nomena in the low-speed region. In order to overcome this problem, a

gain scheduling method was proposed for a full-order flux observer in IM

drives. The gain design is based on a general stabilizing gain, and the de-

sign parameters are selected as functions of speed to guarantee sufficient

damping for all operating points, thus improving the robustness, damp-

ing and convergence rate of the system. To improve low-speed operation

robustness, a resistance-adaptation scheme is applied in the low speed

region.

For high-speed applications, where the ratio of the sampling frequency

to the fundamental frequency is low, a discrete current controller has

been proposed to improve the control stability and performance. A hold-

equivalent discrete model was derived for SyRMs, including the effects

of the zero-order hold in the stator coordinates. A two-degree-of-freedom

state-space current controller with an integral action is applied, and con-

trol delay is taken into account in the controller design. Stability anal-

ysis, simulations and experiments confirmed that the proposed discrete

current controller improves the dynamic performance, robustness, and

higher speed or faster current control bandwidth are enabled for limited

sampling frequency.
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