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ABSTRACT OF DISSERTATION

PARAMETRIC AVERAGE-VALUE MODELING, SIMULATION, AND

CHARACTERIZATION OF MACHINE-RECTIFIER SYSTEMS

There are many techniques for modeling and simulation of synchronous machine-
rectifier systems. The more common approaches are the detailed and average-value
modeling techniques. The detailed simulation technique takes into account the details
of the diode switching and is both very accurate and very expensive in terms of com-
putational resources. To alleviate this disadvantage, the average-value modeling tech-
nique is often utilized. In this approach, the details of diode switching are neglected or
averaged. In that light, the work presented herein proposes a unique saliency-sensitive
parametric average-value model (SSPAVM) of the synchronous machine-rectifier sys-
tem. This model extends existing parametric average-value models to account for
machine saliency by includng the angle of the machine’s ac current as an input to
the parameterized rectifier relationships. The performance of the proposed SSPAVM
is compared with both detailed simulation and prior AVM in steady and transient
state scenarios. The proposed SSPAVM more accurately predicts the detailed model
waveforms in comparison to the existing AVM, while retaining the extensive compu-
tational cost savings associated with average-value models.

In addition, parametric average-value models (PAVMs) of synchronous machine-
rectifier systems have proven to be very useful in studying the behavior of these
systems. PAVMS are able to represent the system’s dynamic characteristics in a
computationally efficient manner. They require characterization using the detailed
model simulation. Hence, to develop a PAVM of the synchronous machine-rectifier
system, the essential parametric functions are extracted once from the detailed model
of the system. Herein, it is shown that the rectifier parametric functions can be rep-
resented as functions of both the dynamic loading condition of the rectifier and the
current angle of the synchronous machine’s ac currents, and a method of extract-
ing these two-dimensional relationships is proposed. It is also shown that previous
PAVMs are unable to represent the rectifier parametric functions during transient
events, particularly for more salient synchronous machines.

Furthermore, the characterization method is extended to a fast procedure, wherein
instead of multiple steady state simulations with a single value of the load resistance



and machine’s ac current angle at each simulation loop, the method adopted in this
study involves a single transient exponential load increase for each current angle at
each simulation loop. This multidimensional fast procedure greatly improves simula-
tion times; and computational overhead associated with the multidimensional steady
state approach.

Finally, an exact detailed model of the rectifier, in which all modes of opera-
tion/switching are accounted for is developed using stateflow-simulink hybrid state
variable simulation environments. To achieve this, the exact differential equations
with their appropriate state variable governing each state is utilized.

KEYWORDS: Average-value model, machines, rectifiers, salient, characterization,

simulation
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Chapter 1 Introduction

An important component of the electrical power system is the synchronous ma-

chine [2]. The power system may be described as a network of electrical components

interconnected for the generation, transmission, and distribution of electrical energy

to the consumer. In many electricity networks, the synchronous machine serves as a

generator [3, 4]. The utilization of synchronous machines is paramount to the pro-

duction of electricity and has accounted for almost all the electric power production

world wide [1]. In addition, the synchronous generator can be driven by hydro, wind

and steam turbines.

Modeling of the synchronous machine has been the subject of research and inter-

est to many researchers (e.g. [5–18]). It is useful for understanding the power system,

as many behaviors of the system may be predicated upon the behavior of the elec-

tromechanical devices connected to it. Furthermore, synchronous machine modeling

and simulation is important for power system analysis, and it affords the engineer an

insight into the complex workings of the system, as experiments may not be feasi-

ble on the real power network itself. In [5], a unified formulation approach wherein

the synchronous machine model’s magnetizing path saturation and rotor circuit are

represented using linear networks is presented. The work in [6] proposes a model of

the synchronous machine using a modified multiple reference frame theory. Various

synchronous machine models and how they are implemented using EMT-type solvers

is the major focus of [7]. The research works in [8–11] focuses on different aspects

of the phase-domain approach of modeling the synchronous machine. The authors

in [12] extends the voltage-behind reactance model of the synchronous machine by

including magnetic saturation using the saliency-factor to the main-flux saturation.

The voltage-behind reactance model was simulated on FPGA in [13] with an increased

1



speed compared to MATLAB simulations. Stability of the synchronous machine is

the main idea in [14–16], and finally, the authors of [17] hints on the merits of the

model of the synchronous machine in the direct time-phase domain over the model

in the traditional q − d axis domain.

According to [18], depending on the required fidelity and objective, the modeling

approach for synchronous machines may be generally divided into three categories,

namely finite element method [19], equivalent magnetic circuit approach [20,21], and

coupled electric circuit approach. The finite element analysis (FEA) model (e.g.

[22–27]) is generally considered to be the most accurate model in comparison to its

equivalent magnetic (for instance [28,29]) and coupled electric circuits counterparts,

but its simulation is time-consuming. Also, the FEA requires relatively large amount

of machine parameters that make it impracticable for system analysts to do system-

level studies. The equivalent magnetic circuit approach, even though it has faster

simulation time and relatively fewer parameters than the FEA, yet contains more

details than are required for studies like power system transients. Thus, the FEA

and equivalent magnetic circuits approach are better suited for studying internal

machine details early in the design stage. Therefore, in this work, the equivalent

electric circuit approach, that is well suited for the simulation studies considered

herein is utilized. The equivalent electric circuit approach comes originally in the

phase-domain (PD) form, but it could also be in the quadrature and direct axes

(qd) and voltage-behind-reactance (VBR) forms. The machine equations can be

transformed from the PD form to the qd form using the Park’s transformation. The

advantage of this transformation is that the machine equations become rotor-position

independent, hence time invariant, and the state variables become constant in the

steady state. The VBR model tends to combine the advantages of both the PD and qd

models, in that it is able to provide concurrent solution to the machine and network

electrical variables and improves simulation efficiency and numerical accuracy [18].
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The VBR model of the synchronous machine is also useful for interfacing electrical

machine models with power electronics circuits e.g. rectifiers.

A rectifier is an electronic device which converts ac power to dc. This process

happens with the aid of diodes in basic rectifiers. Many power electronic devices

including the rectifier have become indispensable in systems requiring dc power, e.g.

electric vehicles (EVs), battery charging, electric shipboard power systems, etc. Fur-

thermore, synchronous machine-rectifiers are often utilized in the electrical subsystem

of aircrafts, ships, electric vehicles (EVs) and in large generators’ brushless excitation

system. Rectifiers can be used to supply dc power in many applications. Modeling

and simulation of synchronous machine-rectifier system can be achieved in various

forms, using different techniques. The more common approaches are the detailed

and average value modeling techniques. The detailed simulation technique takes into

account the details of the diode switching and has proven to be very expensive in

terms of computational resources. One of the causes of high computational expense

is that accurate modeling of rectifier switching involves zero-crossing detection, and

hence requires very small time steps. To alleviate this disadvantage, the average-value

modeling (AVM) technique has since been developed. In this approach, the details

of diode switching is neglected or averaged. In that light, one of the contributions

presented herein is the development of a unique saliency-sensitive parametric average-

value model (SSPAVM) of the synchronous machine-rectifier system. The proposed

SSPAVM provides an extension to existing PAVMs by introducing the angle of ma-

chine’s ac current of the synchronous machine to the parametric relationships. By

so doing, the machine saliency is accounted for. The proposed SSPAVM’s perfor-

mance is compared with detailed model simulation and previous PAVMs in steady

and transient state simulations, and results indicate that the proposed SSPAVM

more accurately portrays the detailed model waveforms than the previous AVM, while

maintaining comparable computational efficiency of existing average-value models. In
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addition, the proposed AVM is valid in all rectifier operating modes, as in previous

AVMs; for example [2].

In general, to implement the rectifier AVM, the essential numerical or parametric

functions that represent the rectifier averaged behavior are initially extracted from

the detailed simulation. Thus, another contribution presented is a method or pro-

cedure for systematically extracting the required relationships amongst the rectifier

ac and dc variables using the detailed model of the synchronous machine-rectifier

system. These essential numerical or parametric functions obtained from these two-

dimensional parametric relationships are used in the development of the proposed

SSPAVM. It is shown that these functions can be represented as a function of both

the dynamic loading condition of the rectifier and the current angle of the machine’s

ac current. The idea is inspired from the observation that during transient events

(with machine of high subtransient saliency), the dynamic impedance alone used

in [30] and other works may not be sufficient to represent the system’s operating

conditions.

In addition, the characterization method is extended to a fast procedure, wherein

instead of multiple steady state simulations with a single value of the load resistance

and machine’s ac current angle at each simulation loop, the method adopted in this

study involves a single transient exponential load increase for each current angle at

each simulation loop. This multidimensional fast procedure greatly improves simula-

tion times; and computational overhead associated with the multidimensional steady

state approach.

Finally, a detailed switched model of the rectifier, where all its modes opera-

tion/switching are accounted is developed using stateflow-simulink hybrid state vari-

able simulation environments. To achieve this, the exact differential equations with

the appropriate state variables governing each state is utilized.

The organization of the remaining part of this dissertation is as follows. Chap-
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ter 2 provides the background to the studies herein, and the relevant literature reviews

are presented. The saliency-sensitive parametric average-value model of synchronous

machine-rectifier systems is developed and presented in Chapter 3. A discussion of

a methodical approach by which the parametric functions required to develop this

average-value model are extracted from the detailed model simulations represents the

main idea of Chapter 4. A multidimentional fast procedure which can serve as an

alternative approach for extracting these parametric functions is discussed exhaus-

tively in Chapter 5. The exact detailed model of a rectifier using stateflow-simulink

hybrid simulation environments (with results shown) is the focus of Chapter 6. Fi-

nally, this dissertation comes to a conclusion, with future ideas for research suggested

in Chapter 7.
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Relevant and Notable Nomenclature

q-axis – quadrature magnetic axis

d-axis – direct magnetic axis

rs – Stator resistance

r′kq1 – Resistance of the kq1 rotor damper winding of the q-magnetic axis

r′kq2 – Resistance of the kq2 rotor damper winding of the q-magnetic axis

r′kd – Resistance of the kd rotor damper winding of the d-magnetic axis

r′fd – Resistance of the rotor field winding

vrqs – q-axis stator voltage in the rotor reference frame

vrds – d-axis stator voltage in the rotor reference frame

v′qr – q-axis rotor voltage

v′dr – d-axis rotor voltage

i′qr – q-axis rotor current

i′dr – d-axis rotor current

irqs – q-axis stator current in the rotor refrence frame

irds – d-axis stator current in the rotor refrence frame

i
′r
kq1 – Current of the kq1 rotor damper winding of the q-magnetic axis

i
′r
kq2 – Current of the kq2 rotor damper winding of the q-magnetic axis

i
′r
kq2 – Current of the kd rotor damper winding of the d-magnetic axis

i
′r
fd – Current of the rotor field winding

λr
qs – q-axis stator flux linkage in the rotor reference frame

λr
ds – d-axis stator flux linkage in the rotor reference frame

λqr – q-axis rotor flux linkage

λdr – d-axis rotor flux linkage

λ
′r
kq1 – Flux linkage of the kq1 rotor damper winding of the q-magnetic axis

λ
′r
kq2 – Flux linkage of the kq2 rotor damper winding of the q-magnetic axis
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λ
′r
kd – Flux linkage of the kd rotor damper winding of the d-magnetic axis

λ
′r
fd – Flux linkage of the rotor field winding

Lmq – Magnetizing inductance of the q-axis

Lmd – Magnetizing inductance of the d-axis

Lls – Stator leakage inductance

L′
lkq1 – Leakage inductance of the kq1 rotor damper windings of the q-magnetic axis

L′
lkq2 – Leakage inductance of the kq2 rotor damper windings of the q-magnetic axis

L′
lkd – Leakage inductance of the kd rotor damper windings of the d-magnetic axis

L′
lfd – Field winding leakage inductance

Others may be found in [1].
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Chapter 2 Background and Literature Review

2.1 Preamble

Modeling and simulation of synchronous machine-rectifier systems have been studied

extensively by researchers. The detailed simulation approach and AVM dominate the

techniques used in research endeavors. This chapter provides background information

about synchronous machines, rectifiers, and a literature review of past research in

AVM of synchronous machine-rectifier systems.

2.2 Synchronous Machine

The synchronous machine is mainly involved with the conversion of mechanical en-

ergy to electrical energy. It consists of the rotor and stator, as the two principal

construction parts. In the stator lies the three-phase armature windings that are 120

degrees displaced from each other and sinusoidally distributed. The rotor houses the

field windings and may also carry one or more shorted damper windings. The rotor

requires excitation by an external dc current source for a rotating magnetic field to

be established. The rotor may be connected to the external dc source via brushes and

slip rings. The magnetic field’s strength is dependent on the applied dc current and it

aligns with the field winding’s axes. Furthermore, the rotor behaves as an electromag-

net, and can as well be made from a permanent magnet. Such a synchronous machine

is called a permanent magnet synchronous machine (PMSM). The magnetic poles of

a synchronous machine can be non-salient or salient(field poles project outward or

out of rotor core). Salient pole machines are mostly used for low speed applications,

e.g. in machines coupled to hydroelectric turbines, while non-salient constructions

are used for high speed applications, such as steam turbine generators. Furthermore,
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the salient pole synchronous machine rotors are magnetically unsymmetrical. As a

result of these rotor assymmetries, there’s no benefit to rotor variable transforma-

tion. However, this is not the case with the stator. Hence, it is helpful for the stator

variables to be transformed to the rotor reference frame using Park’s transformation

suitable for computer simulations.

2.3 Synchronous Machine Equations in the Phase Domain

A two-pole, 3-phase, wye connected, salient-pole synchronous machine is shown in

Figure 2.1. The electromechanical and electrical behavior of most typical synchronous

machines are well represented as being analogous to this arrangement. The windings

of the stator are sinusoidally distributed and are displaced 120 degrees from each

other. The stator windings’ magnetic axes are depicted as as, bs and cs, with Ns

equivalent turns and rs equivalent resistance. The rotor houses a field winding and

three damper windings, that are presumed to be sinusoidally distributed. The field

windings’ equivalent turns and resistance are denoted as Nfd and rfd respectively.

Specific to Figure 2.1, the magnetic axis of the field windings aligns with the magnetic

axis of one of the damper windings, namely the kd damper windings. The kd winding

has Nkd equivalent turns with rkd resistance. The second (kq1) and third (kq2)

damper windings have magnetic axes displaced 90 degrees ahead of the fd and kd

windings. The kq1 winding has Nkq1 equivalent turns with rkq1 resistance, while the

kq2 winding has Nkq2 equivalent turns with rkq2 resistance. The quadrature (or q-

axis) is the magnetic axis of kq1 and kq2 windings while the direct axis (d-axis) is

the magnetic axis of the fd and kd windings.

By modifying the equations below which describe the performance of the machine

shown in Figure 2.1, nearly all synchronous machines’ dynamic performance can be

described for any number of winding. In addition, positive current into the machine

terminals is assumed in the equations.
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Figure 2.1: Two-pole, 3-phase, wye-connected, salient-pole synchronous machine [1]

The voltage equations in the machine variables may be written in the form of a

matrix as

vabcs = rsiabcs + pλabcs (2.1)

vqdr = rriqdr + pλqdr (2.2)

where p is a differential operator and

fabcs =
[
fas fbs fcs

]T
(2.3)

fqdr =
[
fkq1 fkq2 ffd fkd

]T
(2.4)
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rs =


rs

rs

rs

 (2.5)

and

rr =



rkq1

rkq2

rfd

rkd


· (2.6)

The stator and rotor windings’ variables are depicted with the subscripts s and r

respectively, and f may be voltage (v), current (i) or flux linkage (λ), rs is the

resistance matrix of the stator windings, while rr is the resistance matrix of the rotor

windings. All stator phase windings of a synchronous machine are designed to have

the same resistance.

A linear magnetic system’s flux linkage can be expressed as:

λabcs

λqdr

 =

Ls Lsr

LT
sr Lr


iabcs
iqdr

 (2.7)

where the stator inductance Ls is

Ls =


Lls + LA − LB cos 2θr − 1

2
LA − LB cos 2(θr − π

3
) − 1

2
LA − LB cos 2(θr +

π
3
)

− 1
2
LA − LB cos 2(θr − π

3
) Lls + LA − LB cos 2(θr − 2π

3
) − 1

2
LA − LB cos 2(θr + π)

− 1
2
LA − LB cos 2(θr +

π
3
) − 1

2
LA − LB cos 2(θr + π) Lls + LA − LB cos 2(θr +

2π
3
)

 (2.8)

The self (Lr) and mutual inductances (Lsr) of the damper windings are expressed
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as:

Lsr =


Lskq1 cos θr Lskq2 cos θr Lsfd sin θr Lskd sin θr

Lskq1 cos(θr − 2π
3
) Lskq2(θr − 2π

3
) Lsfd sin(θr − 2π

3
) Lskd sin(θr − 2π

3
)

Lskq1 cos(θr +
2π
3
) Lskq2(θr +

2π
3
) Lsfd sin(θr +

2π
3
) Lskd sin(θr +

2π
3
)


(2.9)

and

Lr =



Llkq1 + Lmkq1 Lkq1kq2 0 0

Lkq1kq2 Llkq2 + Lmkq2 0 0

0 0 Llfd + Lmfd Lfdkd

0 0 Lfdkd Llkd + Lmkd


(2.10)

In the same way that variables can be transformed across a transformer, the rotor

variables transformed to the stator windings may be defined as follows:

i
′

j =
2

3

(
Nj

Ns

)
ij (2.11)

v
′

j =
2

3

(
Ns

Nj

)
vj (2.12)

λ
′

j =
2

3

(
Ns

Nj

)
λj (2.13)

where j may be kq1, kq2, fd, or kd.

The flux linkage may now be written as

λabcs

λ
′
qdr

 =

 Ls L
′
sr

2
3
(L

′
sr)

T L
′
r


iabcs
i
′
qdr

 (2.14)
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where

L
′

sr =


Lmq cos θr Lmq cos θr Lmd sin θr Lmd sin θr

Lmq cos
(
θr − 2π

3

)
Lmq cos

(
θr − 2π

3

)
Lmd sin

(
θr − 2π

3

)
Lmd sin

(
θr − 2π

3

)
Lmq cos

(
θr +

2π
3

)
Lmq cos

(
θr +

2π
3

)
Lmd sin

(
θr +

2π
3

)
Lmd sin

(
θr +

2π
3

)


(2.15)

L
′

r =



L
′
lkq1 + Lmq Lmq 0 0

Lmq L
′
lkq2 + Lmq 0 0

0 0 L
′
lfd + Lmd Lmd

0 0 Lmd L
′
lkd + Lmd


(2.16)

where

Lmq =
3

2
(LA − LB) (2.17)

Lmd =
3

2
(LA + LB) (2.18)

2.4 Reference Frame Variables

Some inductances of the machine are rotor position-dependent. This can be observed

from the inductance equations expressed in Section 2.3. It therefore means that the

differential equations’ coefficients that depict the machine’s behavior are a function

of the rotor position. This causes these set of differential equations to be complex,

hence the need for a change or transformation of variables. There exist several change

of variables proposed by researchers like R.H. Park [31], H.C. Stanley [32], D.S.

Brereton [33], G. Kron [34], etc. at different times. However, it was discovered

by P.C Krause and C.H. Thomas [35] that each transformation is nearly a special

case of a general variable transformation. With this general transformation, machine
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variables are transformed to a reference frame that rotates at an arbitrary electrical

angular velocity. Hence, this frame of reference is known as the arbitrary reference

frame. Other known transformations can simply be achieved by assigning a rotation

speed to the arbitrary reference frame. The commonly used reference frames are

the arbitrary reference frame, stationary reference frame, rotor reference frame and

synchronously rotating reference frames.

2.5 Park’s Transformation, Rotor Reference Frame and Synchronous Ma-

chine Equivalent Circuit

A novel approach for the analysis of electrical machines was propounded by R.H.

Park [31]. As hinted in Section 2.4, Park’s transformation technique eliminates the

rotor-position dependency of synchronous machine flux linkage equations. This tech-

nique helps to simplify electrical machine analysis. Specifically, Park’s transformation

transforms the stator winding variables to the rotor reference frame. The synchronous

machine’s rotor position-dependent inductances arise due to the relative motion and

varying magnetic reluctance of the electric circuits. Therefore, Park’s transforma-

tion eliminates the rotor-position dependency of the flux linkage equations, and the

state variables of the machine equations become constant at steady state. The Park’s

equation are derived as follows:

vr
qd0s = rsi

r
qd0s + ωrλ

r
dqs + pλr

qd0s (2.19)

v
′

qdr = r
′

ri
′

qdr + pλ
′

qdr (2.20)

where

λr
dqs =

[
λr
ds −λr

qs 0

]T
(2.21)
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where from (2.7), the flux linkage equation in the rotor reference frame may be

obtained as

λr
qd0s

λ
′
qdr

 =

 Kr
sLs(K

r
s)

−1 Kr
sL

′
sr

2
3
(L

′
sr)

T (Ks)
−1 L

′
r


irqd0s
i
′
qdr

 (2.22)

Kr
sLs(K

r
s)

−1 =


Lls + Lmq 0 0

0 Lls + Lmd 0

0 0 Lls

 (2.23)

Kr
sL

′

sr =


Lmq Lmq 0 0

0 0 Lmd Lmd

0 0 0 0

 (2.24)

2

3
(L

′

sr)
T (Kr

s)
−1 =



Lmq 0 0

Lmq 0 0

0 Lmd 0

0 Lmd 0


(2.25)

It is observed that the machine’s inductances become constant upon transformation.

The synchronous machine equivalent circuit is shown in Figure 2.2. It is worthy

of note that superscript r indicates the rotor frame of reference.
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Therefore, expanding equations (2.19) and (2.20), we get:

vrqs = rsi
r
qs + ωrλ

r
ds + pλr

qs (2.26)

vrds = rsi
r
ds − ωrλ

r
qs + pλr

ds (2.27)

v0s = rsi
′

0s + pλ0s (2.28)

v
′r
kq1 = r

′

kq1i
′r
kq1 + pλ

′r
kq1 (2.29)

v
′r
kq2 = r

′

kq2i
′r
kq2 + pλ

′r
kq2 (2.30)

v
′r
fd = r

′

fdi
′r
fd + pλ

′r
fd (2.31)

v
′r
kd = r

′

kdi
′r
kd + pλ

′r
kd (2.32)

Substituting (2.23)-(2.25) and (2.16) into (2.22), the flux linkage equations in

expanded form may be expressed as follows:

λr
qs = Llsi

r
qs + Lmq(i

r
qs + i

′r
kq1 + i

′r
kq2) (2.33)

λr
ds = Llsi

r
ds + Lmd(i

r
ds + i

′r
fd + i

′r
kd) (2.34)

λ0s = Llsi0s (2.35)

λ
′r
kq1 = L

′

lkq1i
′r
kq1 + Lmq(i

r
qs + i

′r
kq1 + i

′r
kq2) (2.36)

λ
′r
kq2 = L

′

lkq2i
′r
kq2 + Lmq(i

r
qs + i

′r
kq1 + i

′r
kq2) (2.37)

λ
′r
fd = L

′

lfdi
′r
fd + Lmd(i

r
ds + i

′r
fd + i

′r
kd) (2.38)

λ
′r
kd = L

′

lkdi
′r
kd + Lmd(i

r
ds + i

′r
fd + i

′r
kd) (2.39)

2.6 Rectifier

A rectifier is a device that converts an ac signal to dc. It may undergo this process

using diodes. Rectifiers and many other power converters could be thought of as a

switch matrix and functions of switching [36]. Shown below in Figure 2.3 is an ac-dc
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switch matrix converter capable of ac to dc rectification. Many of the discussions

about rectifiers presented in this section are adapted from [36].

To avoid violating Kirchhoff voltage and current laws, the switch configuration is

such that

q11 + q21 = 1 (2.40)

q12 + q22 = 1 (2.41)

If diodes replace these switches, the classical single phase rectifier circuit or rec-

tifier bridge is obtained. The single phase rectifier bridge arrangement is shown in

Figure 2.4.

When diode 1,1 and diode 2,2 are conducting (i.e. ON), vout = vin , and the

arrangement for this condition is shown in Figure 2.5. Whereas when diodes 1,2 and

2,1 are conducting(i.e. ON), vout = −vin, and the arrangement for this condition is

shown in Figure 2.6

Let

vin =
√
2E cosωt (2.42)

where vrms is the rms voltage, and for the interval −π
2

≤ ωt ≤ π
2
, the output voltage

may be defined as follows:

vout = vin =
√
2vrmscosωt (2.43)

But for interval π
2
≤ ωt ≤ 3π

2
,
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vout = −vin = −
√
2vrms cosωt (2.44)

For every one period of input voltage, two equal periods of output voltage is

achieved. Therefore, the average output voltage may be expressed as:

v̄out = Vd0 =
1

π

∫ π
2

−π
2

√
2vrms cosωtd(ωt) =

2

π
(
√
2vrms) (2.45)

2.7 Three Phase Rectifiers

Three phase rectifier are commonly used for the conversion of ac power to dc power

for heavy loads [37]. A balanced three-phase voltage source serves as the input to

the diode rectifier shown in Figure 6.1. A three-phase diode rectifier is considered in

this research. The rectifier is made up of three-phase diode bridge, with diodes D1

to D6 [38, 39].

As highlighted in [37], around any path of the circuit in Figure 6.1, the Kirchoff’s

voltage law indicates that only one diode per time may conduct at the top half of

the bridge i.e D1, D3 or D5. Same arguement goes for the bottom half of the bridge;

in that only one diode (D2, D4 or D6) may conduct at one time. Therefore, it is

not practicable for D1 and D4 to conduct at the same time. Neither can D3 and

D6 conduct simultaneously. In addition, D2 and D5 cannot undergoe simultaneous

conduction.
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2.8 Voltage Behind Reactance Formulation of Synchronous Machine Equa-

tions

Alternative synchronous machine model formulations are useful for special purposes.

One of such purposes is in interfacing synchronous machine models with power elec-

tronic circuits, e.g. machine-converter systems. As noted in [1], reference frame

theory can be utilized for the elimination of rotor-dependent inductances from the

synchronous machines. It is difficult to apply a transformation to power electronic

circuit models. Hence, coupling the qd model of the machine to the abc variable

model of the power electronic circuit would require creation of a qd to abc interface.

A common alternative which is utilized herein, is the detailed physical variable

voltage behind reactance (PVVBR) model formulation of the synchronous machine.

This enables coupling of the synchronous machine to the power electronic circuit

model (e.g. rectifier), and can be conveniently implemented in both state-variable-

based solvers (e.g. MATLAB/Simulink, etc.) and electromagnetic transient programs

(EMTP) e.g. PSCAD/EMTDC. The derivation of the PVVBR of the synchronous

machine is described below.

The q- and d- axes magnetizing flux linkages for a machine with M damper wind-

ings in the q-axis and N damper windings in the d-axis for instance are defined as:

λmq = L
′′

mqi
′′

qs + λ
′′

q (2.46)

λmd = L
′′

mdi
′′

ds + λ
′′

d (2.47)

where the subtransient magnetizing inductances of the q- and d- axes are given in

equations (2.48) and (2.49) respectively.
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L
′′

mq =

 1

Lmq

+
M∑
j=1

1

Llkqj

−1

(2.48)

L
′′

md =

 1

Lmd

+
1

Llfd

+
N∑
j=1

1

Llkdj

−1

. (2.49)

The subtransient dynamic flux linkages in the q- and d-axes may be expressed in

equations (2.50) and (2.51) respectively.

λ
′′

q = L
′′

mq

 M∑
j=1

λkqj

Llkqj

 (2.50)

λ
′′

d = L
′′

md

 λfd

Llfd

+
N∑
j=1

λkdj

Llkdj

 (2.51)

The voltage equations of the stator are then derived as:

vrqs = r
′′

q i
r
qs + ωrL

′′

di
r
ds + pL

′′

q i
r
qs + e

′′

q (2.52)

vrds = r
′′

d i
r
ds − ωrL

′′

q i
r
qs + pL

′′

di
r
ds + e

′′

d (2.53)

where

r
′′

q = rs + L
′′2
mq

 M∑
j=1

rkqj
L2
lkqj

 (2.54)

r
′′

d = rs + L
′′2
md

rfd
L2
lfd

+ L
′′2
md

 M∑
j=1

rkdj
L2
lkdj

 . (2.55)

The subtransient voltages e
′′
q and e‘

′′
d which represents the effects of the rotor
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circuits:

e
′′

q = ωrλ
′′

d +
M∑
j=1

(
L

′′
mqrkqj

L2
lkqj

(
λ

′′

q − λkqj

))
(2.56)

e
′′

d = −ωrλ
′′

q +
N∑
j=1

(
L

′′
mdrkdj
L2
lkdj

(
λ

′′

d − λkdj

))
+

L
′′
md

Llfd

vfd +
L

′′
mdrfd
L2
lfd

(
λ

′′

d − λfd

)
(2.57)

with

pλkqj = − rkqj
Llkqj

(λkqj − λmq) (2.58)

pλkdj = − rkdj
Llkdj

(λkdj − λmd) (2.59)

pλfd = − rfd
Llfd

(λfd − λmd) + vfd. (2.60)

The equations (2.46)-(2.60) represent the VBR formulations used herein to im-

plement the detailed model of the synchronous machine connected to the three phase

rectifier model.

2.9 Literature Review

Features such as simplicity, low cost, and high efficiency explain the popularity of line

commutated rectifiers (e.g. diode rectifiers) in many applications [40]. Particularly,

synchronous machine-rectifier systems are found in such applications as brushless ex-

citation of synchronous generators [41,42], shipboard power systems [43–49], aircraft

power systems [50, 51], HVDC transmission [52], and in the electrical subsystem of

electric vehicles [2]. Furthermore, the high penetration of power electronic-based de-

vices due to renewable energy integration into the traditional power grid will continue

to involve the use of line commutated converters/rectifiers [40].

Efficient and accurate models of machine-rectifier systems are of utmost impor-

tance, as the simulation studies for the aforementioned applications may involve con-
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sideration of many design alternatives (i.e., different parameter sets), long simulation

run times, and systems with many machines and high complexity (e.g. [53,54]). Fur-

thermore, prior to a system’s physical implementation, modeling and simulation can

be useful in analyzing and studying the system’s performance, predicting its behav-

ior and response during transient and steady state scenarios. This procedure is also

applicable post-hardware implementation, in a process referred to as digital twin;

commonly employed in many industries, e.g. automotive, utility, etc.

Different techniques and approaches exist for the modeling and simulation of syn-

chronous machine-rectifier systems, and simulations can be performed in either state-

variable-based (e.g. MATLAB/Simulink [55], PLECS [56], SimPowerSystems [57])

or nodal-analysis-based environments (e.g. PSCAD/EMTDC [58], MicroTran [59]).

The conventional detailed model approach is able to represent the details of each

diode’s repeated switching, providing very accurate waveform predictions [60]. How-

ever, the downside of this approach is its long simulation run times and significant

computational expense: accurate modeling of the switching events involves explicit

zero-crossing detection [61] and time-step adjustment [62], thereby requiring rela-

tively small simulation time steps. Thus, the detailed switching models may not be

desirable in situations where multiple simulations are required for design evaluation

and optimization purposes and for systems with many components [63]. Likewise,

detailed switching models are not as useful for tasks based on operating point lin-

earization like control design because the waveforms continue to switch in steady

state.

To overcome these challenges, the development of the AVM became a necessity.

According to [61] and [64], the AVM helps to reduce the computational cost of detailed

model by avoiding or averaging fast switching effects over an interval of switching.

There are two broad categories under which the rectifier AVMs are classified: analyti-

cal and parametric. The analytical AVM (AAVM) method (e.g., [41,65–71]) provides
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a technique in which the rectifier ac and dc variables relations are obtained analyti-

cally and based on certain assumptions. For instance, initial AAVM approaches are

predicated upon the presumption of a consistent commutating reactance and ideal-

ized ac system [65,66]. The work in [68] established the synchronous machine’s d-axis

subtransient reactance as the effective ac commutating reactance. This approach is

improved upon in [69], wherein the ac commutating reactance is determined as a

function of d- and q-axes reactances and the firing angle of the converter. Gener-

ally, AAVMs are most useful in limited operating modes of the rectifier (i.e., those

corresponding with the analysis used to establish the model) and can require im-

plicit solutions to nonlinear equations to achieve high accuracy, adversely affecting

computational efficiency [30].

The numerical or parametric average-value model (PAVM) (e.g., [2, 40, 72–79])

provides an alternative to the AAVM. It affords the simplicity of AVMs by utilizing

numerical solutions directly in the development stage of the PAVM by incorporating

the results of simulation of a detailed switching model to determine the parameters

of the PAVM. Early work in this area [72] represented the rectifier averaged behavior

using parameters that are constant and independent of the dynamic operating con-

ditions of the system. Later it was proposed that the model would be more accurate

by using dynamic parameters varying with respect to the loading conditions [2]. The

PAVM has been extended in various ways. For instance, the concept was explored in

the modeling of line-commutated/thyristor-controlled rectifiers in [40, 75, 80], result-

ing in parametric relations that are functions of multiple variables. The fundamental

approach of PAVMs is the same: the PAVM is based on establishing the rectifier ac

and dc variable relationships by averaging the results of detailed simulations.

Anecdotally, it has been observed that there are situations in which PAVMs yield

less accurate results despite their widely successfully use. Specifically, situations

in which machines with significant subtransient saliency experience highly dynamic
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loading were observed to result in lower accuracy. In [69,81], it is found that subtran-

sient saliency can influence the behavior of synchronous machine-rectifier systems.

In [2], the parametric relationships are based on loading condition, but this does not

appear to be sufficient in all situations. Therefore, a saliency-sensitive parametric

average-value model (SSPAVM) of the synchronous machine-rectifier system is pro-

posed herein. The proposed SSPAVM is based on both the loading condition (as

in [2]) and the instantaneous operating angle of the machine, which can result in

differences when there is deviation from the steady-state operating angle for a given

loading condition.

An important step in the development of the PAVM is the establishment of the

nonlinear numerical or algebraic functions required to represent the rectifier behavior.

These functions are extracted from the detailed model simulation. In doing so, the

authors in [72], established a PAVM using a set of fixed coefficients obtained from

the detailed model’s steady-state solutions. The results from this model are shown to

be inaccurate in certain simulation scenarios studied in [2]. Therein, multiple steady-

state simulations were used in extracting the rectifier numerical functions, and it

was also established that these nonlinear parametric functions are dependent upon

the loading condition of the system. An alternative “fast procedure” was proposed

for extracting these relationships in [30]. Therein, a transient simulation study which

involved an exponential increase in the rectifier dc load was employed for obtaining the

model parameters required to develop the PAVM. The authors therein indicate that

this scenario is able to span or cover the various rectifier operational modes. Various

other characterization techniques have been used for PAVMs, including approaches

based on nested loops.
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Figure 2.2: Three-phase synchronous machine equivalent circuit in the rotor reference
frame [1]

25



Figure 2.3: AC-DC switch matrix converter
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Figure 2.4: A simple rectifier bridge

Figure 2.5: Conduction configuration for diodes 1,1 and 2,2 conducting
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Figure 2.6: Conduction configuration for diodes 1,2 and 2,1 conducting
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Chapter 3 Parametric Average-Value Modeling of Salient

Machine-Rectifier Systems

3.1 Preamble

There are many techniques for modeling and simulation of synchronous machine-

rectifier systems. The more common approaches are the detailed and average-value

modeling techniques. The detailed simulation technique takes into account the details

of the diode switching and is both very accurate and very expensive in terms of com-

putational resources. To alleviate this disadvantage, the average-value modeling tech-

nique is often utilized. In this approach, the details of diode switching are neglected or

averaged. In that light, the work presented herein explores a unique saliency-sensitive

parametric average-value model (SSPAVM) of the synchronous machine-rectifier sys-

tem. This model extends existing parametric average-value models to include the

angle of the current as an input to the parameterized rectifier relationships. The

performance of the proposed SSPAVM is compared with both detailed simulation

and prior AVM in steady and transient state scenarios. The proposed SSPAVM

more accurately predicts the detailed model waveforms in comparison to the exist-

ing AVM, while retaining the extensive computational cost savings associated with

average-value models. The procedure for obtaining the essential parametric functions

required to develop the proposed SSPAVM is presented in Chapter 4.

The main contributions of this chapter are:

1. Establishing a two-dimensional SSPAVM of synchronous machine-rectifier sys-

tems, utilizing the rectifier dynamic impedance and the current angle as the

inputs to the model’s parametric relationships.

2. Validating the proposed SSPAVM against a detailed switching model and com-
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paring with the previous PAVM.

3. Demonstrating that the proposed SSPAVM can provide significant accuracy

improvements with respect to the previous PAVM while retaining comparable

computational efficiency.

The remainder of this chapter is organised as follows. Section 3.2 explains the gen-

eral concepts of PAVMs and establishes the proposed SSPAVM. A variety of simula-

tion studies for two different systems are presented for model validation in Section 3.3.

This chapter is based on [82]. Preprints are also available on TechRxiv [83].

3.2 Parametric Average-Value Models of Machine-Rectifier Systems

All AVMs are fundamentally based upon the assumption that all the ac and dc vari-

ables may be replaced by their fast averages over a protypical switching interval (when

the ac variables are transformed to a suitable reference frame). However, PAVMs are

further based on the approximation that the relationship between averaged ac and

dc voltages and currents can be represented using functions that are parametrized

based on operating conditions. The notational conventions used herein are described

in Subsection 3.2.1.

3.2.1 Notation

Vectors and matrices are in bold font. The stator variables of the synchronous ma-

chine are expressed as fabcs =
[
fas fbs fcs

]T
, where f may represent current i or

voltage v. The stator variables may then be transformed to the rotor reference frame

as

fqd0s = Ksfabcs, (3.1)
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where

Ks =
2

3


cos θr cos

(
θr − 2π

3

)
cos

(
θr +

2π
3

)
sin θr sin

(
θr − 2π

3

)
sin

(
θr +

2π
3

)
1
2

1
2

1
2

 (3.2)

and fqd0s =
[
fqs fds f0s

]T
are the q- and d-axis and zero-sequence components of

the three-phase variable, respectively. Herein, the zero-sequence component is always

equal to zero. Using the space phasor notation employed herein f⃗ = fqs − jfds.

The mathematical relationship between the electrical angular velocity ωr and the

mechanical angular velocity ωrm of the machine is defined as

ωr =
P

2
ωrm, (3.3)

where P is the number of magnetic poles of the machine. Likewise, the electrical

angular position θr is related to the mechanical angular position θrm of the machine:

θr =
P

2
θrm. (3.4)

3.2.2 Parametric Average-Value Model Rectifier Relationships

In the previous PAVM established in [2], the behavior of the rectifier shown in Fig-

ure 3.1 is described using the following relationships:

|v⃗| = α(·)vdc (3.5)

idc = β(·)|⃗i| (3.6)

̸ v⃗ = ̸ i⃗+ ϕ(·) + π, (3.7)

where the space phasor form of the synchronous machine stator voltages and currents

in the rotor reference frame are v⃗ and i⃗, respectively. The numerical functions are
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Figure 3.1: Machine-rectifier system

α(·), β(·) and ϕ(·), and the phase offset π is a consequence of positive current i⃗

into the synchronous machine. In [2], the numerical functions are characterized by a

“convenient” dynamic impedance z, described mathematically as

z =
vc

|⃗i|
, (3.8)

where vc is the LC filter’s capacitor voltage. Because vc is a natural state variable, z

can be used for this purpose without introducing an algebraic loop in state-variable-

based simulation environments.

3.2.3 Parametric Average-Value Model Formulation

Models of the synchronous machine on the ac side and the LC filter on the dc side

have a natural voltage-in, current-out formulation, where the input of each of these

models is voltage and the output is current. This would require a formulation of the

rectifier model where the input is currents and the output is voltages, a formulation

proposed in [77], but it has also been shown that such formulations can create numer-

ical stiffness in certain situations [84]. A practical approximation is introduced in [2]

that transforms the LC filter dynamics into a proper state model with a current-in,

voltage-out formulation. In this approximation, which is used herein, the dc voltage
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is approximated as

vdc = vc + rdcidc + Ldc
d̂idc
dt

(3.9)

where

d̂idc
dt

=
idc − îdc

τ
(3.10)

and τ is a time constant that is small relative to the switching frequency. The

capacitor voltage is a state variable modeled using

dvc
dt

=
idc − vc/RL

Cdc

. (3.11)

The dynamics of the synchronous machine can be expressed in the rotor reference

frame using a standard model [1].

3.2.4 Saliency-Sensitive Parametric Average-Value Model Rectifier Re-

lationships

The fundamental contribution of this work is that the rectifier numerical functions α,

β, and ϕ are functions of the dynamic impedance z and the angle of the ac current ̸ i⃗.

This is based on the observation that during transient events with machines with high

substransient saliency, the dynamic impedance alone is insufficient to represent the

operating condition of the system as demonstrated herein. Therefore, the proposed

SSPAVM represents the rectifier relationships as follows:

|v⃗| = α(z, ̸ i⃗)vdc (3.12)

idc = β(z, ̸ i⃗)|⃗i| (3.13)

̸ v⃗ = ̸ i⃗+ ϕ(z, ̸ i⃗) + π. (3.14)

Hence, the previous PAVM of the synchronous machine-rectifier system in [2] is mod-

ified herein such that z and ̸ i⃗ serve as lookup tables’ input, forming the proposed
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SSPAVM.

3.2.5 Saliency-Sensitive Parametric Average-Value Model Summary

The SSPAVM is sumarized in Figure 3.2. Specifically, the dc model provides access

to the capacitor voltage vc as a state variable and the synchronous machine model

provides the stator currents (while not state variables, they can be calculated inde-

pendently of the rectifier’s behavior). These values are used to calculate the dynamic

impedance z and the current angle ̸ i⃗. Using two-dimensional lookup tables, the

values of α(·), β(·), and ϕ(·) are calculated. These values are used with (3.12)–(3.14)

to determine v⃗ and idc. The dc voltage vdc is calculated from the model of the dc

system as modified using (3.9)–(3.10).

3.3 Simulation Studies

In this section, the proposed SSPAVM is validated using the detailed switching model

and compared with a previous PAVM formulation. A voltage-behind-reactance for-

mulation of the machine (e.g., [1]) and the detailed representation of the rectifier

are employed in the detailed model simulations, whereas the standard formulation

in the rotor reference frame is used with both the previous PAVM and the proposed

SSPAVM. For both PAVM models, the approximation of the inductor current deriva-

tive described in (3.9)–(3.10) is used to transform the LC filter into a current-in,

voltage-out formulation, and the value τ = 10 µs is used herein, as in [2]. All sim-

ulations are performed in MATLAB R2021b Simulink with the following settings:

ode23tb algorithm, relative tolerance of 10−4, maximum step size of 0.02 s, and ab-

solute tolerance set to its default value. The detailed switching model of the rectifier

is implemented using Stateflow. For both detailed switched model and both PAVMs,

the field voltage and the initial state variables are initially zero. The machine rotates

at constant rated speed. The excitation voltage is linearly ramped over 1 s from zero
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Figure 3.2: Summary of model formulation

to a value which under open circuit conditions, would yield machine rated voltage.

The models are then further simulated for 8 s to attain steady state. Simulation

results for the last 2 s (120 cycles) are obtained, with a transient event happening

at 1 s. The lookup tables in the PAVM models are implemented using cubic spline

interpolation with clipping for values outside of the support points. All simulations

are performed using an Intel(R) Core(TM) i7-8750H CPU (2.20GHz and 16 GB of

RAM). The average values of the waveforms associated with the detailed model are

calculated as described below in Subsection 3.3.1.
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3.3.1 Averaging of Detailed Model Waveforms

The waveforms of the detailed model are averaged as follows. The simulation pe-

riod is divided into intervals corresponding to the period of the rectifier switching

period (1/360 s). At the boundaries of each interval, a boundary point is established

using linear interpolation. Within each interval, the average value of each waveform

is calculated using trapezoidal rule numerical integration. The calculated average

value is used to represent the average of the detailed model within that interval, and

the average of the detailed model is piecewise constant within each interval. This

process is used to compare the results of the detailed model with the results of the

AVMs and is shown in Figure 3.3.

Figure 3.3: Method of averaging detailed model waveforms

3.3.2 Base Machine and Rectifier with Step Load

In the first series of studies, a base machine (selected to correspond with that studied

in [2] to facilitate comparison) is simulated with a representative rectifier and LC

filter. The parameters of this system are given in Table 3.2. Each of these studies

involves stepping the dc load resistance to observe the transient response to these load
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changes. The synchronous machine field winding is excited by a voltage of 1.42 V

(referred), the value that would produce rated terminal voltage if the machine were

unloaded. The five step load changes considered are shown in Table 3.1 and are

selected to represent a wide range of changes in operating condition.

Table 3.1: Accuracy Improvement of Proposed SSPAVM over Previous PAVM for
Base Machine and Rectifier With Step Load

Step Load Variable Improvement (%)

30 Ω to 10 Ω

vrqs 0.64
vrds 1.57
irqs 0.06
irds 3.97
vdc 4.36
idc 2.35

10 Ω to 30 Ω

vrqs -0.72
vrds 5.67
irqs 2.05
irds 2.63
vdc 10.47
idc 2.97

15 Ω to 30 Ω

vrqs 4.13
vrds 10.02
irqs 2.84
irds 2.85
vdc 14.28
idc 3.63

15 Ω to 45 Ω

vrqs 3.13
vrds 8.03
irqs 2.02
irds 1.33
vdc 11.44
idc 2.08

15 Ω to 60 Ω

vrqs 2.72
vrds 6.33
irqs 1.44
irds 0.80
vdc 8.20
idc 1.41

For each of the simulations, the step load occurs at 1 s. The rms errors with

respect to the average values of the waveforms from the detailed model during the
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0.1 s following the step are calculated for the stator voltages vrqs and vrds and currents

irqs and irds in the rotor reference frame and the dc voltage vdc and current idc, and

the reduction in error of the proposed SSPAVM relative to the previous PAVM in

predicting the detailed model waveform is shown in Table 3.1.

Generally, there was close agreement of the waveforms over the simulation period.

However, on zooming into the waveforms during the period immediately following

the step change, certain differences become more apparent. Representative examples

of these differences are shown in Figure 3.4 and Figure 3.5. In these figures, which

are associated with a step increase in load and a step decrease, respectively, devia-

tions between the previous PAVM and the detailed model can be observed, while the

proposed SSPAVM follows the detailed model more accurately during the transient.

The ultimate result of these differences is that the proposed SSPAVM demonstrates

meaningful improvements in accuracy in nearly all cases and waveforms, with the

only exception being the q-axis voltage during the 10-30 Ω step, where both models

had comparably small errors.

3.3.3 System Parameters

The base synchronous machine studied herein is that described in [2], which facilitates

comparison between models. It is a 5-hp, 60-Hz, 230-V machine with parameters

given in Table 3.2.

A representative dc link filter with parameters rdc = 0.32 Ω, Ldc = 1.19 mH, and

Cdc = 4.9 mF is studied.

3.3.4 Salient Machine and Rectifier with Step Load

To obtain a more salient machine, the base machine (which is also salient) is modified

by replacing the q-axis damper circuits with a single damper circuit with L
′
lkq1 =

15 mH and r
′
kq1 = 1 Ω. As before, an excitation voltage of 1.42 V (referred) is used
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Table 3.2: Base Synchronous Machine Parameters

ωb = 2π60 rad/s P = 4
rs = 0.382 Ω Lls = 1.1 mH
Lmq = 24.9 mH Lmd = 39.3 mH

r
′
kq1 = 5.07 Ω L

′
lkq1 = 3.5 mH

r
′
kq2 = 1.06 Ω L

′
lkq2 = 3.5 mH

r
′
kq3 = 0.447 Ω L

′
lkq3 = 26.2 mH

r
′
kd1 = 140 Ω L

′
lkd1 = 9.9 mH

r
′
kd2 = 1.19 Ω L

′
lkd2 = 4.9 mH

r
′
kd3 = 1.58 Ω L

′
lkd3 = 4.5 mH

r
′
fd = 0.112 Ω L

′
lfd = 1.5 mH

for exciting the field winding of the salient synchronous machine, which produces

rated machine voltage at no-load conditions.

To further validate the proposed SSPAVM, the series of studies (step load changes)

performed in Subsection 3.3.2 are repeated for the salient synchronous machine-

rectifier system. Representative results from these transient simulation scenarios,

in the period immediately following the transition, are shown in Figure 3.6 and Fig-

ure 3.7. These zoomed-in figures indicate that the proposed SSPAVM’s waveforms

more accurately predict the detailed model’s waveforms, in comparison with the previ-

ous PAVM’s waveforms. While such differences were observed with the base machine

system, they are more pronounced for the salient machine system.

In addition, the rms error is determined in the same manner as described in Sub-

section 3.3.2 to ascertain each AVM’s accuracy in approximating the detailed model’s

waveform. As seen in the figures, it is notable that the proposed SSPAVM exhibits an

even higher model accuracy with the salient synchronous machine as seen in Section

3.3 than it did with the base synchronous machine considered in Subsection 3.3.2 (and

shown in Table 3.1). Both the waveforms and error calculations confirm the saliency

sensitivity of the proposed SSPAVM.
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Figure 3.4: Base machine and rectifier with step load from 30 Ω to 10 Ω

3.3.5 Salient Machine and Rectifier Pulse Load

In this case study, the salient synchronous machine’s field winding is excited by a

voltage of 1.42 V (referred). The stator winding feeds a pulsed load via a rectifier

and LC filter. The circuit representation of this study is shown in Figure 3.8. The
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Table 3.3: Accuracy Improvement of Proposed SSPAVM over Previous PAVM for
Salient Machine and Rectifier with Step Load

Step Load Variables Improvement (%)

30 Ω to 10 Ω

vrqs 3.12
vrds 6.13
irqs 13.44
irds 14.86
vdc 14.97
idc 14.46

10 Ω to 30 Ω

vrqs 19.34
vrds 24.98
irqs 28.92
irds 22.84
vdc 32.83
idc 24.51

15 Ω to 30 Ω

vrqs 27.73
vrds 29.98
irqs 33.61
irds 28.39
vdc 41.58
idc 30.33

15 Ω to 45 Ω

vrqs 17.27
vrds 23.59
irqs 23.44
irds 14.45
vdc 28.38
idc 19.00

15 Ω to 60 Ω

vrqs 15.12
vrds 18.83
irqs 16.88
irds 6.68
vdc 19.72
idc 11.86

pulses are repeated at a frequency of 15 Hz, Rbase is 50 Ω, and Pmax is 1000 W. The

pulsed load scenario represents the charging/discharging cycle of an energy storage

device (e.g. a capacitor) charged with constant current through a dc-dc converter and

suddenly discharged. Such systems can be found in electric ship and aircraft systems

(e.g., [85–87]).

The waveforms of the detailed model, previous PAVM, and proposed SSPAVM
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shown in Figure 3.9 suggest that the proposed SSPAVM waveforms more acurately

portrays the detailed model waveforms than the previous PAVM waveforms did. This

is expected because the loading of the salient machine system rapidly transitions

through different loading conditions (similar to the load steps described above). The

percentage of accuracy improvement from the previous PAVM to the proposed SS-

PAVM is displayed in Table 3.4. The table clearly shows that the proposed SSPAVM

outperforms the previous PAVM in terms of accuracy for all the stator voltages, stator

currents, dc voltage and dc current.

Table 3.4: Accuracy Improvement of Proposed SSPAVM over Previous PAVM for
Salient Machine and Rectifier with Pulse Load

Case Variables Improvement (%)

Pulse Load

vrqs 11.27
vrds 27.02
irqs 23.58
irds 9.23
vdc 24.60
idc 19.11

3.3.6 Computational Performance

The computational cost of running each of the models, detailed model, previous

PAVM, and proposed SSPAVM, for each case study considered herein is measured. To

do so, both the number of time steps in each simulation and run times are recorded for

each model (Table 3.5 and Table 3.6). The run times are averaged over 20 simulations

(to account for stochastic variability in computer performance) for each case and for

each model.

For the base machine-rectifier system, the results are reported in Table 3.5. It

is observed that in all cases, both the proposed SSPAVM and previous PAVM re-

quire far fewer time steps and significantly less simulation run time than the detailed

model. It is also observed in the table that both PAVMs have comparable time
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steps and simulation run times. Specifically, the additional complexity of using a

two-dimensional look-up table to represent the rectifier relationships does not carry

a significant computational penalty.

Similarly, for the salient machine-rectifier system, the results are reported in Ta-

ble 3.6. It is again observed that in all cases, both the proposed SSPAVM and the

previous PAVM require fewer time steps and less simulation run time than the de-

tailed model. In all studies of both the base and the salient machine/rectifier systems,

both PAVMs saved at least 98% of the run time of the detailed model, and in all cases,

these savings were comparable between the PAVMs.

Table 3.5: Computational Efficiency of Models for Base Machine-Rectifier System

Step Load Simulation Time steps Run time (s)

30 Ω to 10 Ω
Detailed 21602 7.59

Previous PAVM 151 0.10
Proposed SSPAVM 153 0.11

10 Ω to 30 Ω
Detailed 21701 7.32

Previous PAVM 149 0.09
Proposed SSPAVM 153 0.10

15 Ω to 30 Ω
Detailed 22345 7.26

Previous PAVM 147 0.10
Proposed SSPAVM 152 0.11

15 Ω to 45 Ω
Detailed 22326 7.24

Previous PAVM 157 0.10
Proposed SSPAVM 154 0.11

15 Ω to 60 Ω
Detailed 22116 7.22

Previous PAVM 153 0.09
Proposed SSPAVM 156 0.10
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Table 3.6: Computational Efficiency of Models for Salient Machine-Rectifier System

Step/Pulse Load Simulation Time steps Run time (s)

30 Ω to 10 Ω
Detailed 21339 7.13

Previous PAVM 185 0.09
Proposed SSPAVM 193 0.11

10 Ω to 30 Ω
Detailed 22631 7.29

Previous PAVM 202 0.09
Proposed SSPAVM 206 0.10

15 Ω to 30 Ω
Detailed 23898 7.54

Previous PAVM 181 0.09
Proposed SSPAVM 195 0.10

15 Ω to 45 Ω
Detailed 23306 7.69

Previous PAVM 205 0.09
Proposed SSPAVM 197 0.09

15 Ω to 60 Ω
Detailed 22779 7.41

Previous PAVM 228 0.09
Proposed SSPAVM 203 0.10

Pulse Load
Detailed 23306 7.68

Previous PAVM 731 0.12
Proposed SSPAVM 758 0.13
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Figure 3.5: Base machine and rectifier with step load from 15 Ω to 45 Ω
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Figure 3.6: Salient machine and rectifier with step load from 30 Ω to 10 Ω
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Figure 3.7: Salient machine and rectifier with step load from 15 Ω to 45 Ω
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Figure 3.8: Rectifier system loaded with dc pulse load
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Figure 3.9: Pulse load scenario for a salient synchronous machine-rectifier system
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Chapter 4 Multidimensional Characterization of Parametric

Relationships for Salient Machine-Rectifier Systems

4.1 Preamble

Parametric average-value models (PAVMs) of synchronous machine-rectifier systems

have proven to be very useful in studying the behavior of these systems. PAVMS are

able to represent the system’s dynamic characteristics in a computationally efficient

manner. To develop a PAVM of the synchronous machine-rectifier system, the essen-

tial parametric functions are extracted once from the detailed model of the system.

Existing PAVMs (starting with [2]) implicitly encode an assumption that the cur-

rent angle of the machine under each loading condition is a function of that loading

condition (represented by dynamic impedance). However, it is observed herein that

during transient events with machines of high substransient saliency, the dynamic

impedance alone may not be sufficient to represent the operating condition of the

system. Thus, under certain circumstances, this implicit assumption upon which the

previous PAVMs are based can be violated. Therefore, it is shown herein that the

rectifier parametric functions can be represented as functions of both the dynamic

loading condition of the rectifier and the current angle of the synchronous machine’s ac

currents, and a method of extracting these two-dimensional relationships is proposed.

It is also shown that previous PAVMs are unable to represent the rectifier parametric

functions during transient events, particularly for more salient synchronous machines.

This approach is used in developing the saliency-sensitive PAVM (SSPAVM) of the

machine-rectifier systems proposed in Chapter 3.

The fundamental contributions of this chapter are

1. to demonstrate that the rectifier parametric functions can be represented as
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functions of both the dynamic impedance and the current angle,

2. to propose a method of extracting the two-dimensional lookup table values

required to represent these functions, and

3. to show how previous PAVMs are unable to represent the rectifier paramet-

ric functions during transient events, particularly for more salient synchronous

machines.

The organization of the rest of this chapter is as follows. Section 4.2 describes the

mathematical modeling relationships for both the previous PAVM and the proposed

SSPAVM. The procedure for extracting the multidimensional lookup table values

needed for the proposed SSPAVM is proposed in Section 4.3. Section 4.4 demon-

strates the characterization procedure results for two synchronous machine-rectifier

systems and shows how the previous PAVM does not represent the recitifer paramet-

ric functions under certain conditions. This chapter is based on [88]. Preprints are

also available on TechRxiv [89].

4.2 Modeling Relationships

The mathematical notation and conventions used herein are described in the ap-

pendix. The essential principle of PAVMs is that there is a condition-dependent

parametric relationship between the average values of the ac voltages and currents

and the dc voltages and currents for the machine-rectifier circuit in Figure 3.1. Specif-

ically, the variables are related according to

|v⃗| = α(·)v̄dc (4.1)

īdc = β(·)|⃗i| (4.2)

ϕ(·) = ̸ v⃗ − ̸ i⃗− π. (4.3)
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In [72], these relationships are considered constant. Starting in [2], these relationships

are represented as dependent on loading condition. The relationships have also been

described as functions of other operating conditions such as frequency [80] and firing

angle for thyristor-based rectifiers [75].

4.2.1 Previous Parametric Average-Value Model

In [2] and following works (e.g., [30, 76]), the relationships (4.1)–(4.3) are functions

of a “conveniently defined” dynamic impedance:

z =
v̄c

|⃗i|
. (4.4)

This is a convenient dynamic indicator of rectifier loading because v̄c would ordinarily

be a state variable in state-variable-based simulation environments and could be used

to determine these relationships without introducing algebraic loops. Likewise, v̄c is

algebraically related to v̄dc and īdc in steady state (even identical to v̄dc if rdc is

neglected or incorporated within the parametric relationships). Herein, such a model

is referred to as the previous PAVM.

4.2.2 Proposed Saliency-Sensitive Parametric Average-Value Model

Herein, the relationships (4.1)–(4.3) are functions of the dynamic impedance z, but

they are also functions of the angle of the ac currents (i.e., ̸ i⃗). This representation

is based on the authors’ anecdotal observation that PAVMs based only on the dy-

namic impedance do not always represent the behavior of machines with significant

subtransient saliency well in situations with highly dynamic loading. Herein, such a

model is referred to as the proposed SSPAVM.
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4.3 Characterization Procedures

Both models are characterized by simulating a detailed (i.e., switch level) model of the

machine-rectifier system shown in Figure 3.1. The system is simulated with different

fixed resistive dc loads to determine the governing rectifier relationships (i.e., (4.1)–

(4.3)). The system is simulated using MATLAB/Simulink’s ode23tb solver using

default parameters and tolerances. The maximum time step is limited to 10 µs. The

voltage-behind-reactance (VBR) model of the machine is given in [1], and the dc link

dynamics are given by

Ldc
didc
dt

= vdc −Rdcidc − vc (4.5)

Cdc
dvc
dt

= idc −
vc
RL

. (4.6)

The dynamics are simulated with a detailed ideal switching model of the three-phase

rectifier implemented using Stateflow. The machine rotates at constant rated speed.

The initial state variables and field voltage are zero. The excitation of the machine

varies depending on which of the two procedures described below is used, but it is

generally ramped from zero linearly over 1 s to a value that would produce rated

machine voltage under open-circuit conditions. The system is then simulated 8 s to

reach steady state. The average-values of vrqs, v
r
ds, i

r
qs, i

r
ds, vdc, idc, and vc are calculated

during the last period of the simulation (the period of these variables is one sixth the

fundamental period of the ac). These ‘raw’ values are used to establish the parametric

relations (4.1)–(4.3). There are other approaches for establishing these data points

(e.g., using a fast procedure [30]), but this seqence of steady-state simulations is used

to avoid the possibility of introducing errors by exciting certain system dynamics.
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4.3.1 Previous Parametric Average-Value Model Procedure

For the previous PAVM, the one-dimensional relationships are established by ramping

the field voltage from zero linearly over 1 s to the value that would produce rated

machine voltage Vrated (line-to-line, rms) under open-circuit conditions:

v′fd =
r′fd
√

2
3
Vrated

ωbLmd

. (4.7)

This simulation is conducted for different load resistances, which are logarithmically

varied from 0.1 mΩ to 10 kΩ with 32 steps per decade. The lookup table values are

determined using the least-squares spline approximation algorithm spap2 to select the

120 z knots that create the least error in approximating α, β, and ϕ using cubic spline

interpolation. The value of 120 is intentionally selected as a large number to reduce

the likelihood that undersampling contributes to the observed responses; practically,

smaller numbers could be used (e.g., values of 10 and 23 are reported in [2] and [77],

respectively).

4.3.2 Proposed Saliency-Sensitive Parametric Average-Value Model Pro-

cedure

The same machine-rectifier system shown in Figure 3.1 is simulated with different

fixed resistive dc loads to determine the governing rectifier relationships (4.1)–(4.3) as

above. The same simulation parameters and procedure are used with one exception.

To adjust the angle of excitation of the machine to determine the two-dimensional

relationships, the field winding is shorted, and biases are added to the q- and d-axis

magnetizing flux linkages, being physically equivalent to a permanent magnet, the

position of which on the rotor could be adjusted. These biases are ramped linearly

from zero to their final values over 1 s, and the magnitude of these biases is related
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to the field voltage applied in the one-dimensional case such that the final biases are

λmq,bias =

√
2
3
Vrated cos δbias

ωb

(4.8)

λmd,bias = −

√
2
3
Vrated sin δbias

ωb

, (4.9)

where δbias is the angle of excitation.

As with the previous procedure, this simulation is conducted for different load

resistances, which are logarithmically varied from 0.1 mΩ to 10 kΩ with 32 steps per

decade. To facilitate the interpolation process described below, one extra step (using

the same logarithmic spacing) is added above and below this range. The angles of

excitation are varied from −180° to 180° with steps of 15°. There is a clear relationship

between the load resistance and the resulting value of z, and a similar relationship

exists between the angle of excitation and the resulting angle of the current space

vector. However, it is not straightforward to select the load resistance and excitation

angle to result in a specific combination of z and ̸ i⃗. Therefore, the resulting data is

scattered rather than gridded as shown in Figure 4.1, which shows the resulting data

when this procedure is applied to the base machine and rectifier system described

below. This figure shows that gridded values of load resistance and excitation angle

result in scattered values of dynamic impedance and current angle.

The spap2 algorithm requires gridded data for multivariate spline approximation.

Gridded data in the z-̸ i⃗ space is constructed from the scattered data using a Delaunay

triangulation. To achieve this, MATLAB’s scatteredInterpolant function is used with

its natural interpolation method. The base-10 logarithm of the z data is used to

avoid scaling problems, and the ̸ i⃗ data (in radians) is tiled ±2π to ensure periodicity.

The scattered data is interpolated over a gridded range. The grid includes 2,561 z

values (approximately 10 times the original number of load resistance values) that

are logarithmically distributed from the minimum value associated with the lowest
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Figure 4.1: Scattered two-dimensional data sites from parameterization process for
base machine and rectifier.

load resistance of 0.1 mΩ to the maximum value associated with the highest load

resistance of 10 kΩ and 241 ̸ i⃗ values (approximately 10 times the original number

of bias angle values) distributed from −180° to 180°. An illustration of this process

for the base machine and rectifier system is shown in Figure 4.2. This figure shows

that gridded data can be extracted by oversampling the scattered data from above.

With the gridded data, the lookup table values are determined using the least-

squares spline approximation algorithm spap2 to select the 120 z knots and 25 ̸ i⃗ knots

that create the least error in approximating α, β, and ϕ using cubic interpolation.

As mentioned above, the value of 120 is intentionally selected as a large number to

reduce the likelihood that undersampling contributes to the observed responses.
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Figure 4.2: Extraction of gridded data sites from scattered data for base machine and
rectifier.

4.4 Demonstration and Discussion

The procedures described above are completed for the two related systems with the

parameters reported in Table 3.2. These systems are based on the parameters de-

scribed in [2]. The first system has a relatively less salient machine (referred to as the

base machine), with subtransient saliency represented by L′′
q/L

′′
d ≈ 1.36. The second

system has a modified machine (referred to as the salient machine), with its damper

windings modified such that L′′
q/L

′′
d ≈ 5.38.

The rectifier numerical functions for the base machine and salient machine are

shown in Figure 4.3 and Figure 4.4, respectively. Both plots show ‘raw’ values of the

parametric functions α, β, and ϕ versus dynamic impedance z, with the proposed SS-

PAVM parametric functions projected onto the previous PAVM parametric functions.

It can be seen that the PAVM results are contained within the SSPAVM results, but

that the SSPAVM results predict different values of α, β, and ϕ under certain condi-
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Figure 4.3: Parametric functions for base machine with rectifier.

tions, and this is particularly pronounced for the salient machine-rectifier system as

seen in Figure 4.4.

Furthermore, the PAVM lookup table values are extracted from the ‘raw’ data

using the spap2 algorithm as described above and are shown in Figure 4.5 and Fig-

ure 4.6. The PAVM implicitly encodes an assumption that the current angle under
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Figure 4.4: Parametric functions for salient machine with rectifier.

each loading condition is a function of that loading condition, i.e. ̸ i⃗ is a function

of z. This function is also shown for each system in Figure 4.5 and Figure 4.6. If

this assumption holds, it is not necessary to consider the deviations observed in the

SSPAVM data compared with the PAVM data in Figure 4.3 and Figure 4.4.

To consider whether this assumption holds, the detailed model is simulated for a
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step change in resistive load from 10 Ω to 30 Ω for both systems. The average value

of each of the waveforms vrqs, v
r
ds, i

r
qs, i

r
ds, vdc, idc, and vc is calculated over each 1

360
s

window and used to calculate values of z̄, ᾱ, β̄, ϕ̄ and ̸ i⃗. The observed current angles

are compared with the current angles predicted as a function of z in Figure 4.7 and

Figure 4.8. While the current angle matches the predicted current angle during steady

state conditions, there are significant discrepancies during the transient and these are

exaggerated for the salient machine-rectifier system (in Figure 4.8). Therefore, the

implicit assumption upon which the previous PAVM is based is violated during these

circumstances.

The consequence of this assumption being violated can be seen in Figure 4.9 and

Figure 4.10, where the observed values of α, β, and ϕ, the fundamental relationships

underlying PAVMs, are compared with the values predicted as a function of dynamic

impedance z. As expected, the parametric functions match during steady-state con-

ditions, but they deviate significantly during the transient, and this is again more

pronounced for the salient machine-rectifier system.

The lookup table values for the proposed SSPAVM are extracted from the grid-

ded data using spap2 as described above, and these table values are shown for the

base machine and salient machine in Figure 4.11 and Figure 4.12, respectively. In

addition, the lookup table values for the previous PAVM are superimposed at the

current angle corresponding to each dynamic impedance. As expected, the previous

PAVM parametric functions are coincident with the proposed SSPAVM parametric

functions at the current angles on which they are based. These multidimensional

parametric functions can serve as the basis for a SSPAVM [82] that, from the results

presented herein, can be expected to perform more accurately in dynamic situations,

particularly for more salient machine-rectifier systems.
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Figure 4.5: Previous PAVM parametric functions and current angle table values for
base machine with rectifier. 61



Figure 4.6: Previous PAVM parametric functions and current angle table values for
salient machine with rectifier.
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Figure 4.7: Observed and predicted current angle from detailed simulation of base
machine with rectifier and step load from 10 Ωto 30 Ω.

Figure 4.8: Observed and predicted current angle from detailed simulation of salient
machine with rectifier and step load from 10 Ωto 30 Ω.
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Figure 4.9: Observed and predicted parametric functions from detailed simulation of
base machine with rectifier and step load from 10 Ωto 30 Ω.
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Figure 4.10: Observed and predicted parametric functions from detailed simulation
of salient machine with rectifier and step load from 10 Ωto 30 Ω.
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Figure 4.11: Proposed SSPAVM parametric functions table values for base machine
with rectifier. The previous PAVM parametric functions and current angle table
values are superimposed.
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Figure 4.12: Proposed SSPAVM parametric functions table values for salient machine
with rectifier. The previous PAVM parametric functions and current angle table
values are superimposed.
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Chapter 5 Multidimensional Fast Procedure for Extracting Parametric

Functions for Salient Machine-Rectifier Systems

5.1 Preamble

AAVM method establishes an approach wherein the relationship between the ac and

dc variables of the rectifier are analytically derived; with certain assumptions. De-

riving the analytical model of the synchronous machine-rectifier system is generally

arduous, and may only rely on a single rectifier operating mode. This necessitates the

search for a method which can allow for numerical solutions early at the model devel-

opment stage. Thus, the PAVM was established. To develop the PAVM, the essential

AVM parameters are obtained from the detailed model simulations. Certain app-

proaches have been advanced for extracting this much needed parametric functions

from the detailed model simulations. For instance, multiple steady state simulation

approach was advanced in [2], and these numerical functions were considered to be

dependent on the dynamic loading of the system (z). This dynamic impedance served

as the lookup table input for implementing the PAVM therein. This idea is further

extended in [88] (Chapter 4) to include the machine’s angle of current, ̸ i⃗ as an ad-

ditional variable (using multidimensional characterization approach) upon which the

parametric functions would depend. This is due to the observation that during cer-

tain transient conditions, especially with machines of high subtransient saliency, z

only is incapable of representing the system’s operating conditions. Therefore in [82]

(Chapter 3), these two variables (z and ̸ i⃗) were utilized as lookup table inputs for

developing the SSPAVM.

However, the drawback/consequence of the multiple steady state simulations in [2]

and [88] is the high computational expense associated with running them. Hence the

work in [30] seeks to reduce the computational burden associated with the approach
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used in [2] by implementing a ‘fast procedure’ to extract the numerical functions

required to develop the parametric average-value model of the synchronous machine-

rectifier systems. The simulation run time was significantly reduced. Since then,

some other works (for instance, [90–92]) have adopted this method. In the same

vein, the work herein seeks to reduce the computational burden associated with the

approach in [88] by implementing a multidimensional fast procedure characterization

approach for extracting the required parametric functions using the detailed model

simulations. These functions would be required to develop the SSPAVM of the syn-

chronous machine-rectifier systems. This approach also ensures that several dynamic

operating conditions that may not have been covered by the one-dimensional fast

procedure in [30] and other works, are covered herein.

The main ideas of this chapter are

1. To present an alternative method for multidimensional characterization of para-

metric average-value model of the synchronous machine-rectifier systems.

2. To show that this approach beats the previous approach in terms of computa-

tional efficiency.

3. To demonstrate that both methods yield identical results. Hence, the faster

approach presented herein should be prioritized.

This chapter is being compiled in a manuscript [93]

5.2 Proposed Multidimensional Fast Characterization Procedure

The detailed model of the machine-rectifier system depicted in Figure 3.1 is simu-

lated in a similar process described in Section 4.3.2. However, instead of performing

multiple steady state simulations using different fixed values of dc load resistances, a

straightforward and faster approach is to perform a single simulation with exponen-

tially increasing dc load resistances. Specifically, in this procedure, the load resistance
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is exponentially increased from 10 µΩ to 1 MΩ. By doing this, it is possible to cover

the entire rectifier operation range. The machine excitation angle is adjusted, and

biases (which are ramped linearly from 0 over 1s to their required values) are added to

the magnetizing flux inductances with the winding of the rotor shorted as described

in Section 4.3.2. The magnitude of these biases have been defined in (4.8)–(4.9). The

system is simulated using MATLAB/Simulink’s ode23tb solver using the default tol-

erances and tolerances, and one simulation is for each machine angle. The maximum

time step is set to 10 µ s.

The VBR model of the machine desribed in [1] and the dc link dynamics defined

in (4.5)–(4.6) are simulated with an exact detailed switching model of the rectifier in

Stateflow (rectifier model is described in Chapter 6). The system is simulated for 10 s.

Average values of ac and dc voltages and currents (i.e. vrqs, v
r
ds, i

r
qs, i

r
ds, vdc, idc, and

vc) are calculated, and subsequently used for calculating z, α, β, and ϕ. Some results

from this method are shown in Figure 5.1. The plot shows the q-axis stator currents

and voltages. It can be seen that they (currents and voltages) can be different for

different angles of current (and machine angles by extension); the same cannot be

inferred from the one-dimensional procedure advanced in [30]. These averaged values

are then used in establishing the numerical relationships in (4.1)–(4.3).

5.3 Comparison of the multidimensional Fast and Slow Procedures

Results from the slow procedure in the previous chapter and the fast procedure herein

are compared. They are essentially nearly the same, and will be shown in the figures

in the course of the discussion in this section. Similar to the multidimensional slow

procedure, the data obtained from the fast procedure herein is scattered as seen in

Figure 5.2 and Figure 5.3. Therefore, gridded data required by MATLAB’s spap2

algorithm for approximation must be obtained from this scattered data. The same

process is employed for obtaining this gridded data in the z-̸ i⃗ space. However, to

70



Figure 5.1: q-axis stator currents and voltages obtained from multidimensional fast
procedure.

compare results from both procedures, identical grids are used for both procedures.

Herein, it includes 2,386 z values that are logarithmically distributed from the min-

imum value of about 0.95 µΩ to the maximum value of 8.5 kΩ and 241 ̸ i⃗ values

(approximately 10 times the original number of bias angle values) distributed from

−180 ° to 180 ° with steps of 15 °. (More data points in the fast procedure is accounted

for by the longer simulation time but has no effect on the results).
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The lookup table for building an SSPAVM can then be determined from the

gridded data using spap2 function in selecting 120 z knots and 25 ̸ i⃗ knots that best

approximate (with least error) α, β, and ϕ using cubic interpolation. The problems of

undersampling having an effect on the observed responses are resolved intentionally

by selecting this large number of 120.

Figure 5.2: Scattered data sites from parameterization process using the two-
dimensional fast procedure for base machine and rectifier.

The process is illustrated with both procedures for both the base machine-rectifier

system and salient machine-rectifier systems described in Section 4.4. The fast and

slow procedures are shown for the base machine with rectifier systems in Figure 5.4

and Figure 5.5, respectively, while the process for salient machine with rectifier sys-

tems is shown in Figure 5.6 and Figure 5.7. These figures show that gridded data

can be extracted by oversampling the scattered data (angle values in this case) from

above.

The explained procedures are carried out on both the salient and base-machine

rectifier systems. The rectifier numerical functions from both the fast and slow pro-
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Figure 5.3: Scattered data sites from parameterization process using the two-
dimensional ‘slow’ procedure for base machine and rectifier.

cedures for the base machine rectifier-systems are shown in Figure 5.8 and Figure 5.9,

respectively.

Also, the rectifier numerical functions from both the fast and slow procedures

for the salient machine rectifier-systems are shown in Figure 5.10 and Figure 5.11,

respectively. These figures portray the raw values of the the functions α, β, and ϕ

plotted vs the dynmaic impedance of the rectifier, z. From the figures, it can be seen

that under some conditions, different values of α, β, and ϕ are predicted, and this is

more obvious with the salient machine-rectifier system.

The extracted lookup table values using spap2 function as described above, are

shown in the following figures. The lookup table values for the base machine-rectifier

system using the fast and slow procedures are shown in Figure 5.12 and Figure 5.13,

respectively.

Furthermore, the lookup table values for the salient machine-rectifier system using

the fast and slow procedures are shown in Figure 5.14 and Figure 5.15, respectively.
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Figure 5.4: Extraction of gridded data sites from scattered data for base machine and
rectifier using the fast procedure.

These values of the multidimensional functions can be used for the development

of an SSPAVM that will exhibit superior performance compared to previous PAVMs

in dynamic conditions, particularly for salient machines with rectifiers.

5.3.1 Computation Time Comparison

To compare simulation times, the elapsed time between the start and end of simula-

tion is measured. The time it takes to run the detailed model simulations using the

fast procedure is about 1 hour, whereas it takes a simulation time of about 3 days

to complete the detailed model simulations using the slow procedure to extract the

parametric functions. This means there’s a saving of more than 90% in terms of com-

putational time, if the fast procedure is adopted rather than the slow procedure. The

simulations are done using an Intel(R) Core(TM) i7-8750H CPU (2.20GHz and 16

GB of RAM).
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Figure 5.5: Extraction of gridded data sites from scattered data for base machine and
rectifier using the slow procedure.

5.4 Approximation Error

The root mean squared error calculated by comparing the lookup table values ob-

tained using spap2 algorithm with the raw values gotten from the slow and fast

procedure simulations are tabulated in Table 5.1.

Table 5.1: Lookup Table Values Approximation Error

Machine Functions Fast Procedure Slow Procedure

Base Machine
α 0.0156 0.0066
β 0.0084 0.0121
ϕ 0.1458 0.000757

Salient Machine
α 0.1712 0.0046
β 0.0816 0.0091
ϕ 1.6780 0.0029
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Figure 5.6: Extraction of gridded data sites from scattered data for salient machine
and rectifier using the fast procedure.

Figure 5.7: Extraction of gridded data sites from scattered data for salient machine
and rectifier using the slow procedure.
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Figure 5.8: Parametric functions extracted from fast procedure for base machine with
rectifier.
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Figure 5.9: Parametric functions extracted from slow procedure for base machine
with rectifier.
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Figure 5.10: Parametric functions extracted from fast procedure for salient machine
with rectifier. Fig will be be fixed
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Figure 5.11: Parametric functions extracted from slow procedure for salient machine
with rectifier.
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Figure 5.12: Proposed SSPAVM parametric functions table values extracted using
fast procedure for base machine with rectifier.
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Figure 5.13: Proposed SSPAVM parametric functions extracted using slow procedure
table values for base machine with rectifier.
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Figure 5.14: Proposed SSPAVM parametric functions table values extracted using
fast procedure for salient machine with rectifier.
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Figure 5.15: Proposed SSPAVM parametric functions table values extracted using
slow procedure for salient machine with rectifier.
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Chapter 6 Exact Detailed Rectifier Modeling as Hybrid System

6.1 Preamble

The conventional six-pulse diode rectifier are useful for power rectification (converting

ac to dc) and operates in different modes. These operating or switching modes are

determined by the conduction pattern of the diode, which futher depends on the

loading condition of the rectifier. This loading condition therefore determines which

and how many diodes may be ON or OFF at a time. The dc voltage waveform of

the rectifier contains six pulses at every supply frequency cycle, hence the rectifier is

commonly referred to as six-pulse rectifier [94]. A simplified diagram of the six-pulse

diode rectifier is shown in Figure 6.1.

Figure 6.1: Six-pulse diode rectifier
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6.2 Implementation as Hybrid System

To implement the rectifier model in Stateflow, the conduction pattern, rectifier tran-

sition conditions from one mode to another, and the interfacing governing differential

equations (synchronous machine VBR model and the voltage across dc link inductor

dynamics) at each state are considered.

vrqs = r
′′

q i
r
qs + ωrL

′′

di
r
ds + pL

′′

q i
r
qs + e

′′

q (6.1)

vrds = r
′′

d i
r
ds − ωrL

′′

q i
r
qs + pL

′′

di
r
ds + e

′′

d (6.2)

vdc = rdcidc + Ldc
didc
dt

+ edc (6.3)

6.3 Simulation Variables

The important variables required for exact detailed modeling of the six-pulse diode

rectifier are the input variables, output variables and the state variables. The input

variables are e
′′
qd, edc, θr and ωr. The output variables are vrqds, i

r
qds, vdc and idc. There

are essentially a maximum of three (3) continuous state variables. The number of

state variables in a state can range from 0 to 3, depending on the conduction state.

Furthermore, the systematic modeling approach adopted herein considers the fol-

lowing diode conduction possibilities (or states):

1. No diode conducting (zero diode conduction).

2. Two (2) diodes conducting.

3. Three (3) conducting diodes (with two (2) diodes at the top).

4. Three (3) conducting diodes (with two (2) diodes at the bottom).

5. All six (6) diodes conducting.
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These five (5) defined rectifier conduction possibilities are represented in State-

flow environment as discrete states (with their respective nomenclatures herein given

as ‘Zero’, ‘Two’, ‘ThreeTwoUp’, ‘ThreeTwoDown’, and ‘All’). Each state has corre-

sponding state actions which the stateflow model (the rectifier) must perform while

that state is active. These actions are basically governing equations that calculates

the voltage and current values at each state. Also, certain conditions must be met

before a transition from one state to another can occur. The state actions, transi-

tion conditions, and transition actions are written in MATLAB language inside the

matlab function block within the Stateflow environment.

6.4 Rectifier Conduction States

The block diagram of the rectifier model is shown in Figure 6.2. Each state is defined

by a block, and the transitions between states are indicated by arrows to and fro the

blocks.

6.4.1 The ‘Zero’ State

This is the default active state of the rectifier model at the start of simulation. In this

state, There are no devices conducting, no voltage drop because there’s no current.

Hence, vrqds = e
′′
qd and vdc = edc. Also, there are no state variables as there are no

changes in inductor currents with time. Therefore, the ac currents and dc currents

are 0 (irqds = 0 and idc = 0 respectively). Consequently, the current derivatives (pidc)

are 0. The condition that must be true for a transition from this state to ‘Two’ state

to occur, is that the line-to-line ac supply voltages at the rectifier ac side between

any two phase must be greater than the dc voltage of the rectifier. That is, |vab| or

|vac| or |vbc| must be greater than vdc. If any of these conditions becomes true, two

diodes become forward biased; then the system transitions to two diodes conducting

(i.e. transition into the so called ‘Two’ state) with active diodes selected according to
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Figure 6.2: Rectifier conduction states

which of the ac phase voltages is greater than the dc voltage. The ac phase voltages

are calculated as follows:

vabcs = Ksv
r
qds (6.4)
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Ks is Park’s transformation defined in the Appendix.

If vab is greater than vdc with va greater than vb, then the conducting branches

are in phases a and b, with upper conducting diode as D1 and the lower conducting

diode as D6, and the nonconducting branch is phase c.

If vab is greater than vdc with vb greater than va, then the conducting branches

are in phases a and b, with upper conducting diode as D3 and the lower conducting

diode as D4, and the nonconducting branch is phase c.

If vac is greater than vdc with va greater than vc, then the condu cting branches

are in phases a and c, with upper conducting diode as D1 and the lower conducting

diode as D2, and the nonconducting branch is phase b.

If vac is greater than vdc with vc greater than va, then the conducting branches

are in phases a and c, with upper conducting diode as D5 and the lower conducting

diode as D4, and the nonconducting branch is phase b.

If vbc is greater than vdc with vb greater than vc, then the conducting branches

are in phases b and c, with upper conducting diode as D3 and the lower conducting

diode as D2, and the nonconducting branch is phase a.

If vbc is greater than vdc with vc greater than vb, then the conducting branches

are in phases b and c, with upper conducting diode as D5 and the lower conducting

diode as D6, and the nonconducting branch is phase a.

6.4.2 The ‘Two’ State

In this state, there are two diodes conducting (which maybe Diodes D1 and D6,

D1 and D2, etc.). The state variable is the dc current, idc. The current and voltage

selector matrices is used to assign values to the conducting and nonconducting diodes.

That is, the selector matrices select values based on diode conditions. The current

selector matrix assigns a value which may be (-1,0,1) to the diodes. These values

mainly indicate whether the diode is conducting or not, and the sign (+ or -) indicate
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the direction of the flow of current. For instance, the upper diode is assigned the value

of -1; indicating that

1. It is an active (conducting) diode, and

2. The flow of current is in the reverse direction away from the rectifier into the

machine.

The lower conducting diode is assigned a value of 1 indicating that:

1. It is an active (conducting) diode, and

2. Current flow is in the direction toward the rectifier.

Through the voltage selector matrix Pv, a value of 1 is assigned to each of the

conducting branches. Selector matrices are defined such that

iabcs = Piidc (6.5)

vabcg = Pv

vdc
vng

 (6.6)

(6.1) –(6.3) are then solved to obtain values for the unknown variables such as dc

voltage; vdc, voltage across the ‘n-branch’ (non-conducting diode terminal in the zero

state) vng, and the derivative of the state variable- dc current; pidc. Consequently,

the value of the ac currents and voltages in the q − d axis are calculated thus:

irqds = KsPiidc (6.7)

vr
qds = KsPv

vdc
vng

 (6.8)
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Pi is the current selector matrix. Depending on which transition condition is met,

there are three (3) transition possibilities from this state;

(i) ‘TwoZero’ transition (indicating a transition from two diodes conducting to no

diode conducting). For ‘TwoZero’ transition to occur, the condition that must

be true is that the rectifier dc current and its derivative must be less than or

equal to zero (i.e. idc ≤ 0 and pidc ≤ 0).The diodes become reverse biased. The

ac current becomes 0 and the transition occurs.

(ii) ‘TwoThreeTwoUp’ transition (indicating a transition from Two diodes con-

ducting to Three diodes conducting, with two of the three conducting diodes

at the top of the diode rectifier configuration).

For ‘TwoThreeTwoUp’ (with two of the three conducting diodes at the top)

transition to occur, vng ≥ vdc. If this condition holds true, then the state

variable (current) becomes 0, and the transition occurs.

(iii) ‘TwoThreeTwoDown’ transition (indicating a transition from Two diodes con-

ducting to Three diodes conducting, with two of the three conducting diodes

at the bottom of the diode rectifier configuration).

For ‘TwoThreeTwoDown’ (with two of the three conducting diodes at the bot-

tom) transition to occur, vng ≤ 0. If this condition holds true, then the state

variable (current) becomes 0, and the transition occurs.

6.4.3 The ‘ThreeTwoUp’ State

This state is so named to naturally represent number of conducting diodes and their

location in the diode rectifier configuration. In this state, there are three diodes

conducting (with two upper diodes conducting including phase n). The two state

variables are the dc currents, idc and ins through the conducting diodes. The cur-

rent and voltage selector matrices are used to assign values to the conducting and
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nonconducting diodes. That is, the selector matrices selects values based on diode

conditions. The current selector matrix assigns a value which may be (-1,0,1) to the

diodes. These values mainly indicate whether the diode is conducting or not, and the

sign (+ or -) indicate the direction of the flow of current. For instance, a value value

of -1 to diodes indicate that:

1. They are actively conducting

2. The current flow is in the reverse direction away from the rectifier into the

machine.

A value of 1 to indicate that a diode

1. is actively conducting

2. The current flows into the rectifier.

Through the voltage selector matrix, a value of 1 is assigned to each of the con-

ducting diodes. Pi and Pv are defined such that

iabcs = Pi

idc
ins

 (6.9)

vabcg = Pvvdc (6.10)

(6.1) –(6.3) are then solved to obtain values for the unknown variables such as dc

voltage; vdc, and the derivative of the state variables (currents); pidc and pins. The

value of the ac currents and voltages in the q − d axis is then calculated using

irqds = KsPi

idc
ins

 (6.11)

vr
qds = KsPvvdc (6.12)
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If one of the two upper conducting diode’s current (and derivatives) become non-

positive, that diode will become reverse biased and stop conducting. If turning off

that diode results in forward biasing the lower diode in that phase, then the rectifier

transitions to “ThreeTwoDown”. Otherwise, it transitions to ‘Two”. If vdc ≤ 0, all

diodes are forward biased, and the rectifier transitions to ”All” conduction mode.

Depending on which transition condition is met, there are three (3) transition possi-

bilities from this state, namely;

(i) Transition to ‘Two’ state wherein only two diodes conduct. To transition from

this state to ‘Two’ state, the condition that must be true is that vng > 0.

(ii) Transition to ‘ThreeTwoDown’ state (with 2 of the 3 conducting diodes at the

bottom of the diode rectifier configuration). To transition to ‘ThreeTwoDown’

state, it must be true that vng ≥ vdc.

(iii) Transition to ’All conducting state (where all the diodes conduct). To transition

to ‘All’ state, it must be true that vdc ≤ 0.

6.4.4 The ‘ThreeTwoDown’ State

Again, this state is so named to naturally represent number of conducting diodes

and their location in the diode rectifier configuration. In this state, there are three

diodes conducting (with two of the three conducting diodes at the bottom). The

state variables are the dc currents, idc and ins through the conducting diodes. The

current and voltage selector matrices is used to assign values to the conducting and

nonconducting diodes. That is, the selector matrices selects values based on diode

conditions. The current selector matrix assigns a value which may be (-1,0,1) to the

diodes. These values mainly indicate whether the diode is conducting or not, and the

sign (+ or -) indicate the direction of the flow of current. For instance, the upper

active diode are assigned the value of -1; indicating that:
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1. It is actively conducting

2. The current flow is in the reverse direction away from the rectifier into the

machine.

In the same vein, the lower conducting diode is assigned a value of 1 to indicate

that:

1. It is actively conducting

2. The current flow is into the rectifier.

Through the voltage selector matrix, a value of 1 is assigned to each of the con-

ducting diodes. Pi and Pv are defined such that

iabcs = Pi

idc
ins

 (6.13)

vabcg = Pvvdc (6.14)

(6.1) –(6.3) are then solved to obtain values for the unknown variables such as dc

voltage; vdc, and the derivative of the state variables (currents); pidc and pins. The

value of the ac currents and voltages in the q − d axis is then calculated using

irqds = KsPi

idc
ins

 (6.15)

vr
qds = KsPvvdc (6.16)

If one of the two lower conducting diode’s current (and derivatives) become non-

positive, that diode will become reverse biased and stop conducting. If turning off

that diode results in forward biasing the upper diode in that phase, then the rectifier
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transitions to “ThreeTwoUp”. Otherwise, it transitions to ‘Two”. If vdc ≤ 0, all

diodes are forward biased, and the rectifier transitions to ”All” conduction mode.

Depending on which transition condition is met, there are three (3) transition possi-

bilities from this state, namely;

(i) Transition to ’Two’ state wherein only two diodes conduct. To transition from

this state to ‘Two’ state, the condition that must be true is that vng < vdc.

(ii) Transition to ‘ThreeTwoUp’ state (with 2 of the 3 conducting diodes at the top

of the diode rectifier configuration). To transition to ‘ThreeTwoUp’ state, it

must be true that vng ≥ vdc. To transition to ‘All’ state, then it must be true

that vdc ≤ 0.

(iii) Transition to ”All” conducting state (where all the diodes conduct).

6.4.5 The ‘All’ State

In this state, all six diodes conduct. The state variables are the dc currents idc, and

ac currents in the q − d axis (irqs and irds). Also, the dc voltage vdc, and ac voltages

(vrqs and vrds) are 0. (6.1) –(6.3) are then solved to obtain values for the unknown

variables such as dc voltage; the derivative of the state variables (currents); pidc, pi
r
qs,

and pirds. Depending on which transition condition is met, there are two (2) transition

possibilities from this state, namely;

(i) Transition to ’ThreeTwoUp’ state (with 2 of the 3 conducting diodes at the

top of the diode rectifier configuration). To transition from the “all” state to

‘ThreeTwoUp’ state, the condition that must be true is that:

a) the dc current must be less than or equal to the sum of positive ac currents.

b) Also, this dc current derivative must be less than or equal to the sum of

the derivatives of this positive ac currents.
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c) In addition, the median value of the ac currents should be less than 0.

(ii) Transition to ‘ThreeTwoDown’ state (with 2 of the 3 conducting diodes at the

bottom of the diode rectifier configuration). To transition from the “all” state

to ‘ThreeTwoDown’ state, the condition that must be true is that:

a) the dc current must be greater than the sum of positive ac currents.

b) Also, this dc current derivative must be greater than the sum of the deriva-

tives of this positive ac currents.

c) In addition, the median value of the ac currents should be greater than 0.

6.5 Rectifier Conduction Modes Using Model Demonstration

There are basically four rectifier conduction modes; so named to signify transition

from one state to another. The conduction modes are 0-2, 2-3, 3-3 and 3-6 conduction

modes. The discussion below focuses on demonstrating the various conduction modes

in simulation. Appropriate load resistances that demonstrate the desired conduction

modes are utilized. Furthermore, to test for the model conduction modes, the model

parameters used are listed in Table 6.1.

The parameters for demonstrating the rectifier conduction modes are shown in

Table 6.1.

Table 6.1: Rectifier Conduction Modes Test Parameters

ωb = 2π60 rad/s rdc = 0 Ω

L
′′
q = 2.7 mH L

′′
d = 1.9 mH

r
′′
q = 1.57 Ω r

′′
d = 1.49 Ω

Ldc = 1.19 mH Cdc = 4.9 mF

e
′′
q = 32 V e

′′
d = −76 V
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6.5.1 0-2 conduction mode

In this rectifier switching mode, the conduction is such that it switches between no

diode conducting to two diodes conducting. The condition under which this happens

is generally under very high load resistance scenarios. Figure 6.3 shows a block

diagram indicating the transitions occuring in this conduction mode. The actual

mode transitions, the voltage, and current waveforms are shown for this conduction

mode in Figure 6.4. The dc load resistance, Rload used to test for this conduction

mode is 10 kΩ.

6.5.2 2-3 Conduction Mode

In this rectifier switching mode, the conduction is such that it switches between two

diodes conducting to three diodes conducting. Figure 6.5 shows a block diagram indi-

cating the transitions occuring in this conduction mode. The actual mode transitions,

the voltage, and current waveforms are shown for this conduction mode in Figure 6.6.

The dc load resistance, Rload used to test for this conduction mode is 100 Ω.

6.5.3 3-3 Conduction Mode

In this rectifier switching mode, the conduction is such that it switches between three

diodes (two up) conducting to three diodes(two down) conducting. Figure 6.7 shows a

block diagram indicating the transitions occuring in this conduction mode. The actual

mode transitions, the voltage, and current waveforms are shown for this conduction

mode in Figure 6.8. The dc load resistance, Rload used to test this conduction mode

is 1 Ω.

6.5.4 3-6 Conduction Mode

In this rectifier switching mode, the conduction is such that it switches between

three diodes conducting to six diodes conducting. The condition under which this
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Figure 6.3: Rectifier model for 0-2 conduction mode

happens is generally in very low load resistance scenarios. Figure 6.9 shows a block

diagram indicating the transitions occuring in this conduction mode. The actual

mode transitions, the voltage, and current waveforms are shown for this conduction

mode in Figure 6.10. The dc load resistance, Rload used to test this conduction mode
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Figure 6.4: Rectifier at 0-2 conduction mode with a dc load of 10 kΩ

is 10 mΩ.
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Figure 6.5: Rectifier model for 2-3 conduction mode
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Figure 6.6: Rectifier at 2-3 conduction mode with a dc load of 100 Ω
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Figure 6.7: Rectifier model for 3-3 conduction mode
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Figure 6.8: Rectifier at 3-3 conduction mode with a dc load of 1 Ω
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Figure 6.9: Rectifier model for 3-6 conduction mode
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Figure 6.10: Rectifier at 3-6 conduction mode with a dc load of 10 mΩ
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Chapter 7 Conclusion and Future Work

7.1 Conclusion

The work presented herein describes a novel SSPAVM of the synchronous machine-

rectifier systems. Unique to the formulated model is its superior accuracy in predict-

ing the system’s behavior; particularly for a more salient machines with dynamic and

pulsed loading scenarios. The parametric relationships of the proposed SSPAVM use

the dynamic impedance and the current angle as defined in previous sections as in-

puts. In nearly all the scenarios in which the proposed SSPAVM is validated against

the detailed switched model and a previous PAVM, it is found that the proposed

SSPAVM waveforms follow more accurately the detailed model waveforms than the

previous PAVM. Also, in terms of computational efficiency, the proposed SSPAVM

is more computationally efficient than the detailed model (as expected) and exhibits

comparable computational efficiency with the previous PAVM.

A novel approach for obtaining the essential nonlinear parametric functions re-

quired to develop a SSPAVM of the synchronous machine-rectifier system is also

discussed herein. This procedure provides the necessary lookup table values required

for the application of the SSPAVM (developed in [82]). This procedure is demon-

strated and compared with the lookup table values that are obtained when using the

previous PAVM. Furthermore, specific situations in which the previous PAVM is not

able to represent the parametric relationship between the dc and ac rectifier variables

are demonstrated. In particular, these previous PAVM does not always represent the

parametric functions accurately during transients, and this is particularly evident

with machines with higher subtransient saliency.

Furthermore, the characterization method is extended to a ‘fast procedure’, wherein

instead of multiple steady state simulations with a single value of the load resistance
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and machine’s ac current angle at each simulation loop, the approach utilizes a single

transient exponential load increase for each current angle at each simulation loop.

This multidimensional fast procedure greatly improves simulation times; and compu-

tational overhead associated with the multidimensional steady-state method.

Finally, an exact detailed model of the rectifier, in which all modes of opera-

tion/switching are accounted for is developed using stateflow-simulink hybrid state

variable simulation environments. To achieve this, the exact differential equations

with their appropriate state variable governing each state is utilized.

7.2 Future Work

� Looking forward, an approach in which the developed method of implementing

the averaged model may be extended to alternative rectifier/converter topolo-

gies and machine structures should be explored. A specific example is develop-

ing a SSPAVM for active rectifiers.

� Another area of possible exploration is to investigate the relationship between

the rectifier numerical functions (α, β and ϕ) and the rectifier switching func-

tions. The hypothesis is that the ON and OFF switching characteristics of the

rectifier is suspected to have an effect on the rectifier characterization. There-

fore, one of the future efforts would be to find out if this is the case, and if so, to

what extent and what mathematical relationship exist between both functions.

� A current-based average-value model wherein beta (β) numerical function and

the current angle ( ̸ i⃗) will serve as lookup table inputs can be developed for

the synchronous machine/converter systems. This aproach will likely improve

upon the model proposed in [77]

107



Bibliography

[1] P. C. Krause, O. Wasynczuk, S. D. Sudhoff, and S. D. Pekarek, Analysis of

electric machinery and drive systems. John Wiley & Sons, 2013.

[2] J. Jatskevich, S. D. Pekarek, and A. Davoudi, “Parametric avarage-value

model of synchronous machine-rectifier systems,” IEEE Trans. Energy Convers.,

vol. 21, pp. 9–18, Mar. 2006.

[3] E. Mouni, S. Tnani, and G. Champenois, “Synchronous generators output volt-

age real-time feedback control via h∞ strategy,” IEEE Trans. Energy Convers.,

vol. 24, pp. 329–337, June 2009.

[4] G. Grater and T. Doyle, “Propulsion powdered electric guns-a comparison of

power system architectures,” IEEE Trans. Magnetics, vol. 29, pp. 963–968, Jan

1993.

[5] Y. Zhang and A. M. Cramer, “Unified model formulations for synchronous ma-

chine model with saturation and arbitrary rotor network representation,” IEEE

Trans. Energy Convers., vol. 31, no. 4, pp. 1356–1365, 2016.

[6] F. Kutt, M. Michna, and G. Kostro, “Multiple reference frame theory in the

synchronous generator model considering harmonic distortions caused by nonuni-

form pole shoe saturation,” IEEE Trans. Energy Convers., vol. 35, no. 1, pp. 166–

173, 2020.

[7] U. Karaagac, J. Mahseredjian, O. Saad, and S. Dennetière, “Synchronous ma-

chine modeling precision and efficiency in electromagnetic transients,” IEEE

Transactions Power Del., vol. 26, no. 2, pp. 1072–1082, 2011.

108



[8] L. Wang and J. Jatskevich, “A phase-domain synchronous machine model with

constant equivalent conductance matrix for EMTP-Type solution,” IEEE Trans.

Energy Convers., vol. 28, no. 1, pp. 191–202, 2013.

[9] Y. Xia, Y. Chen, Y. Song, S. Huang, Z. Tan, and K. Strunz, “An efficient

phase domain synchronous machine model with constant equivalent admittance

matrix,” IEEE Trans. Power Del., vol. 34, no. 3, pp. 929–940, 2019.
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