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MODELING AND CONTROL OF A SYNCHRONOUS GENERATOR WITH
ELECTRONIC LOAD

Ivan Jadric

(ABSTRACT)

Design and analysis of a system consisting of a variable-speed synchronous
generator that supplies an active dc load (inverter) through a three-phase diode rectifier
requires adequate modeling in both time and frequency domain. In particular, the
system’s control-loops, responsible for stability and proper impedance matching between
generator and load, are difficult to design without an accurate small-signal model. A
particularity of the described system is strong non-ideal operation of the diode rectifier, a
consequence of the large value of generator’s synchronous impedance. This non-ideal
behavior influences both steady state and transient performance. This thesis presents a
new, average model of the system. The average model accounts, in a detailed manner, for
dynamics of generator and load, and for effects of the non-ideal operation of diode
rectifier. The model is non-linear, but time continuous, and can be used for large- and

small-signal analysis.

The developed model was verified on a 150 kW generator set with inverter output,
whose dc-link voltage control-loop design was successfully carried out based on the

average model.
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Chapter 1. Introduction

1.1.Motivation for this work and state of the art

This work was motivated by the need to study dynamics and control design of the
system whose block diagram is shown in Fig. 1.1. It is a 150 kW generator set with
inverter output, in which a natural gas engine drives a synchronous generator (which,
throughout this text, will also be referred to as main generator). Field voltage is provided
to the main generator by means of a separate, smaller synchronous machine, an exciter.
The exciter is constructed with field winding on the stator and armature winding on the
rotor; that makes it possible to rectify the exciter's armature ac voltages by a rotating
diode bridge, and connect the rectifier's output directly to the field winding of the main

generator.

RECLEER |/
ENGINE @ 'Dl' GENERATOR $ + INVERTER LOAD

................................................................ Madeled. Subsystem

Fig. 1.1. Block diagram of the studied system.



The main generator’s output is rectified by another diode bridge, in order to form a
dc-link that feeds an inverter. Balanced three-phase voltages are supplied to the load by
this inverter. Since the inverter also determines load frequency, it is not necessary to

operate the generator at constant speed corresponding to 60 Hz.

In order to make engine operation as efficient as possible, speed is varied from
1800 rpm to 4000 rpm according to a load-versus-speed relationship considered optimal
for the engine. Such variable speed operation affects generator design in several ways, of
which the most important for our study is the effect it has on the value of main
generator’s synchronous inductance. With standard generator design, at minimum speed a
relatively large main generator’s field current would be required in order to achieve the
rated generator output voltage. That would result in large exciter’s armature currents, and
overheating of the exciter. The minimum amount of cooling (due to minimum speed)
would make this problem even more serious. In order to avoid this, generator designers
increased the number of turns of the main generator’'s armature windings. That resulted in
a smaller field current required to obtain the rated output voltage but, at the same time, it

significantly increased main generator’s synchronous inductance.

A peculiarity of the system shown in Fig. 1.1 is the fact that both synchronous
machines, the exciter and main generator, have electronic load: they feed reactive dc
loads through diode rectifiers. If a synchronous machine were an ideal voltage source,
Fig. 1.2 would represent its simplified circuit diagram with a diode bridge and a dc
current source load. It is a textbook example of how non-linear, switching elements
(diodes) cause non-sinusoidal ac waveforms [1]. In Fig.V4,2, andv, are sinusoidal
voltages with amplitud®, and a phase shift of 120ne with respect to anotheye is a
constant dc current representing dc load. Average value of the dc voltage at the rectifier’s

output can be calculated as

(1.1)



AXR

Fig. 1.2. Ideal three-phase voltage source feeding a dc current source load through a
diode rectifier.

1.2
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Fig. 1.3. Ac waveforms of the system shown in Fig. 1.2.

Fig. 1.3 shows qualitative waveforms of phase voltagand phase curreng. It
can be seen that, due to diode rectification and current-source dc load, the phase current
has a quasi-square waveform. First harmonig,af, is also shown. Its amplitude can be

calculated as

(1.2)

It is important to notice in Fig. 1.3 that voltage is in phase with current’s first

harmonic. Therefore, from the point of view of the ac input’s fundamental voltage and



current harmonics, an ideal diode rectifier with a current source dc load behaves like a

REE:

——& A lac

AXA

Fig. 1.4. Non-ideal voltage source feeding a current source dc load through a diode
rectifier.

nonlinear resistor.

The situation is somewhat more complicated if ac side’s parasitic inductarares
considered [1]. These inductances normally represent transformer or power line leakage
inductance, and need to be placed in series with ideal voltage soyregandyv., as
shown in Fig. 1.4. They cause non-ideal operation of the diode bridge, i.e. they cause
diode commutations to be non-instantaneous; the time required for commutation is
usually expressed in terms of commutation anghlehich is a function of parasitic input

inductancd., line frequencywand output current [1]:

_ 201,k
U—COS% \/_Wp E[

(1.3)

Non-instantaneous diode commutations cause distortion in diode bridge input
voltage waveformsyag, Vsc andvca, While edges of the current waveform have some
finite slope. Also, the average value of the output dc voltage is somewhat reduced

compared to the ideal case, and it can be expressed as [1]:

o _33,H awilF
s SPnd-ed

T

(1.4)



Expression (1.4) is valid only ifi <%; for cases in whicng, expressions

similar to (1.4) can be found [1].

It needs to be understood that (1.1) and (1.2) describe an ideal operation of the
diode rectifier in an average sense: they express average dc output voltage by means of
input ac peak voltage, and fundamental harmonic of input ac current by means of the
output dc current. These expressions do not contain any information about the voltage

ripple at the dc side and the current’s higher harmonics at the ac side.

A synchronous generator is never an ideal voltage source, and it is even less so if it
is characterized by a large value of synchronous inductance. If it is connected to a diode
rectifier, inductancd., from Fig. 1.4 is of the order of magnitude of the generator’'s
synchronous inductance. Therefore, it can be expected that the exciter's and the main
generator's ac terminal voltage and current waveforms will be heavily distorted [2]-[7].
Fig. 1.5 shows measured waveforms of the system from Fig. 1.1 and can serve as an
example of such distortion. It can be seen that the main generator’s line-to-line voltage is

a quasi-square wave, and the current is also far from being sinusoidal.

-Vltage - - -
(500VT1div)

T
T

(
(

N

(50A/div)

T

Fig. 1.5. Main generator’s line-to-line voltage and phase current with a 100 kW resistive
load connected to the dc-link (time scale: 2 ms/div).

Similarly, a dc load is never an ideal dc current source. For a heavily inductive dc

load, like the main generator’s field winding that loads the exciter in Fig. 1.1, the current



source approximation is very close to the actual situation. For the main generator, which

has a large dc-link capacitor and an inverter as a load, that is not the case.

For the above reasons, operation of the system shown in Fig. 1.1 cannot be
described with analytical expressions such as (1.1) (or (1.3)) and (1.2). Moreover, even
though it is not obvious from Fig. 1.5, there is a phase-shift between the first harmonics
of the phase voltage and the phase current. Therefore, as a result of the non-ideal
operation of the diode-bridge, the generator will behave as if some reactive load were

connected to its terminals.

Some design aspects relative to the system shown in Fig. 1.1 (e.g., design of
protection measures at the dc-link) require large-signal, time-domain simulation results.
Simulation of the system’s switching model can provide these results, but is extremely
time- and memory consuming (time-constants of the system are of the order of magnitude
of hundreds of milliseconds, and the maximum simulation time-step needs to be kept well
below the switching ripple period, i.e. on the order of millisecond). Therefore, from the
point of view of large signal analysis, the need for an ‘average’ model of the system can
be anticipated. Such a model would describe dynamic behavior of the system without

including any switching elements.

>9E—
BRECTIFIER d - +Vdcref
C
ENGINE EXCITE 'D" GENERATOR $ = [INVERTER LOAD
Vig
BUCK
POWER
SUPPLY COMPENSATO

Fig. 1.6. Block diagram of the studied system in closed loop.

The system shown in Fig. 1.1 cannot work in open loop: dc-link voltggeleeds
to be regulated at a constant value (800 V) for the inverter to operate properly. Since
diode rectification provides no means of regulation, constant dc-link voltage can be
achieved only by adjusting the exciter’s field voltage That can be done by closing the

dc-link voltage feedback control-loop, as shown in Fig. 1.6. This control-loop provides



regulation of the inverter’'s input voltage, but also plays an important role in impedance

matching between the generator and inverter, thus assuring system stability.

In order to design the compensator in Fig. 1.6, it is necessary to have a good small-
signal model representing the system’s dynamic behavior. A three-phase, salient pole,
wound field synchronous generator is characterized by relatively complex dynamics. In
order to describe properly its electrical behavior, it is necessary to deal with at least a
third order system, which becomes fifth (or higher) order if there are damper windings
present in the machine [8], [9]. These high-order models contain complete information
about the generator’'s dynamics, but are often quite demanding to use, both from
parameters identification and computational burden point of view. In particular, for the
generator’s control-loop design, it is a common practice to model a generator as a first-
order system [11], [12]. For that simplification to be legitimate, two assumptions need to
be true. First, the generator has to behave as a good voltage source; i.e. its synchronous
impedance needs to be small. Second, the generator must operate at constant speed. Both
assumptions are normally true for large generators used in power generation plants.
However, the system shown in Fig. 1.1 is characterized by variable speed and the large
main generator's synchronous impedance. Also, if the exciter’s field voltage is
considered input, and the dc-link voltage output variable, the overall order of the system
is eight. Therefore, it can be suspected that the above-mentioned, single-pole generator
model would hardly be appropriate. The presence of diode rectifiers makes modeling of
the system even more difficult. The diode’s switching behavior causes the system to be
time-discontinuous, and therefore impossible to linearize. Moreover, it is not clear how to

model the effect of the distorted generator’'s ac waveforms.

The above—mentioned, design—related requirements for transient and small-signal
representation of the system’s behavior define the goal of this work. It consists of

developing a model of the system with the following properties:

» Accurate dynamic representation of the generator, load and effects of non-ideal

operation of diode rectifier;



» Suitability for time domain simulations, with emphasis on efficient use of CPU

time and computer memory; and

» Suitability for small-signal analysis and application to control design.

The following section is a short overview of the topics covered in the body of the

text.

1.2.Thesis outline

Chapter 2, Synchronous Generator Dynamic Modeling, starts with a summary of
synchronous machine’s dynamic model development. This model has been known for
more than half a century, and that is why its development is not carried out in a detailed
manner; only the main assumptions and results are presented. During the work that
resulted in this thesis, a considerable amount of time and effort was spent on the
parameter identification problem, particularly for the exciter. That is why this chapter
also contains a brief description of the parameter identification process. Following that is
a section dedicated to the review of the generator's steady state operation, and a short
section on how the generator’'s model can be implemented in a simulation software like

PSpice.

In Chapter 3, results obtained by simulating the “modeled subsystem” from Fig. 1.1
are presented and compared to the measurement results. This is referred to as the
“switching model” of the system, since it includes switching elements (diodes), and
therefore describes the system as it actually operates. Results obtained with the switching
model simulations are discussed, and the basis is set for the development of the average

model.

Chapter 4, Average Model, is the most innovative part of this work. Based on
conclusions regarding the switching model of the system, this chapter shows how a

system, consisting of a synchronous generator, a diode bridge rectifier and some reactive



dc load, can be modeled in a simplified way. This is referred to as the “average model” of
the system. The average model preserves all of the system’s relevant dynamic
information, but it does not include any switching elements. That makes it particularly
useful for linearization and control-loop design. Assumptions for the development of the
average model are presented, and derivation of the model’'s equations is carried out. The
average model is then verified through comparison with the switching model and
measurement results. Since the average model equations are non-linear, it is shown how
they can be linearized and how the corresponding state-space representation of the system

can be found. Finally, a discussion on model’s validity is included.

Chapter 5 contains dc-link voltage control-loop design procedure. It is based on the
exciter's field voltage-to-dc-link voltage transfer function obtained with the average
model developed in Chapter 4. A design procedure for a Pl compensator is given, and
transient simulation and measurement results with resistive load at the dc-link are shown.
Unstable operation of this compensator with an inverter load due to poor impedance
matching between different parts of the system is discussed, and the need for a higher-
order dynamic compensator is justified. A five-pole, three-zero compensator is found to
be satisfactory, and its design process is carried out. Validity of this compensator is
confirmed through simulation and measurement results of transient operation with

resistive and inverter load at the dc-link.

Chapter 6 concludes the thesis by summarizing its most important results.



Chapter 2. Synchronous

Generator Dynamic Modeling

2.1.Synchronous generator model in rotor reference

frame

It was explained in the introductory chapter why a first-order synchronous machine
model would not be appropriate for the application that motivated the work presented in
this thesis. The purpose of this section is to introduce a detailed synchronous generator
model, which takes into account all relevant dynamic phenomena occurring in the
machine. Since this model has been widely known since 1930s, only the main

assumptions and results will be presented.
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2.1.1.Assumptions for model development

A three-phase, wound-field synchronous generator has three identical armature
windings symmetrically distributed around the air-gap, and one field winding. One or
more damper windings can also be present and, for our convenience in this section, we
will assume that one damper winding is present in each machine’s axis. Normally,
armature windings are placed on the stator, and field and damper windings on the rotor.
However, there are cases, such as the exciter in Fig. 1.1, when armature windings are
placed on the rotor and field winding on the stator (the exciter has no damper windings).
This does not affect the machine modeling approach at all, since only relative motion
between the stator and rotor windings is important. Therefore, throughout this text, when
we refer to ‘rotor windings’, we will always imply the field (and damper, if existent)
winding placed at the opposite side of the air gap with respect to the three-phase armature

windings.

Several assumptions are needed in order to simplify the actual synchronous

machine and make the model development less tedious [9]:

1. It is assumed that every winding present in the machine produces a sinusoidal
MMF along the air gap, which, for phase, can be expressed as

6, :Gasinggysé whereP represents the machine’s number of poles, yand

stands for the stator’s angular coordinate;

2. Iron permeability in the machine is assumed to be infinite. This is equivalent to
neglecting all effects due to magnetic saturation, and flux fringing;

3. Rotor construction is assumed to be the only factor contributing to magnetic
asymmetry in the machine. Effects of the stator or rotor slots can be taken into
account by Carter's factor. This assumption results in approximating the

magnetic conductivity function as\ = A, — A, cosPy, , )where A; and A,

depend on the geometry of the air gap; and
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4. Local value of magnetic flux density B is obtained by multiplying local values
of MMF and magnetic conductivity. The third harmonic of the magnetic flux
density resulting from this multiplication is neglected, in accordance with

assumption 1.

Errors introduced by these assumptions are normally small enough to be negligible,

particularly from the point of view of the machine’s dynamic performance.

2.1.2.Development of the model's equations and equivalent

circuit

A synchronous machine can be described by a systemloéquationsn of which
are electrical and one of which is mechanical. The numbsr electrical equations is
equal to the number of independent electrical variables necessary to describe the
machine. These variables can be either currents or flux linkages. Currents are chosen to

be the independent variables in this thesis.

Electrical equations are obtained by writing Kirchoff’'s voltage law for every
winding, i.e. by equating the voltage at the winding’s terminal to the sum of resistive and
inductive voltage drops across the winding [8], [9]. Note that damper windings, if
present, are always short circuited. Therefore, their terminal voltage is equal to zero.

In order to correctly calculate the inductive voltage drop across a winding, total
magnetic flux linked with the winding needs to be evaluated. That is achieved by means
of an inductance matrix, which relates all windings’ flux linkages to all windings’
currents. When that is done for a salient-pole synchronous machine, an inductance matrix
dependent on the rotor position is obtained. This dependence is due to the magnetic
asymmetry of the rotor: because of the way the rotor of a salient pole machine is shaped,
there exists a preferable magnetic direction. This direction coincides with the direction of
the flux produced by the field winding, and is defined as machtha’ss. The machine’s

g axis is placed at 90 electrical degrees (in a counterclockwise direction) with respect to
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the machine’dd axis. Then, the rotor position can be expressed by means of an angle,

namedd, between the magnetic axis of the armature’s phasel the rotor’s axis.

Dependence of the inductance matrix on the rotor position represents the main
difficulty in modeling the synchronous machine. A solution to this problem is to change
the reference system, or frame, in which the machine’s electrical and magnetic variables
are expressed. So far, the reference frame intuitively used was the so-called stationary, or
stator, orabc reference frame. In it, variables are expressed as they can actually be
measured in the machine, but the machine parameters are time variantf(snee
function of time). It can be shown that the only reference frame that provides constant
machine parameters is the rotor,doy reference frame. In it, all variables are expressed
in a form in which a hypothetical observer placed on the rotor would measure them.
Transformation from theabc to the dg reference frame is given by the following

transformation matrix:

%ine sinEb—EH sinEe+E%
T:\ED | .
3
%OS@ cosge H co +?%

(2.1)

Inverse transformation (from tluk) to theabcreference frame) is then given by

D U
sing cosd B
[%mﬁ? ZHH oge 271%
O 3
&mEﬁH—H os%HE
0O 30
(2.2)
In (2.1) and (2.2)@is calculated as
o(t) =_!w(5)d€ +6,,
(2.3)
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wherew represents the rotor’s (electrical) speed.

Therefore, any set of three-phase varialdlgsf, and f. expressed in thabc
reference frame can be transformed dq reference frame variablelg and f; by
multiplying them byT:

F,0 Eff%
. EZTDbD'
! ==
(2.4)
Vice versa:
f, O
0 0o Hel
o[ inv%q%‘
H. B
(2.5)

Note that transformation of the variables, as defined by (2.1) and (2.2), preserves
total system power: in every time instant, power inabereference frame is equal to the

power in thedq reference frame.

Another comment needs to be made regarding zero variables, which generally must
be taken into account when variables are transformed into the rotor reference frame. In
our case, with a Y-connected generator without neutral connection, zero variables are

always equal to zero, and are therefore excluded from representation.

When the machine’s electrical equations are transformed frombihéo thedq

reference frame, they assume the following form:

« Armature equations

. di di di
Vg = _Rsld _Q)Aq _(Lls +Lmd)d_:+|-mdd_;:d+|-mdd_ktd’
(2.6)
| di, i
Vq = _Rslq +wAd _(Lls +Lmq)a+ Lqu’
2.7)
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where

Ay ==(Lg+L iy +L (g +ig),

(2.8)
Aq = _(Lls + I-mq)iq + I-mqikq ;
(2.9)
* Field equation
. di di di
Vig = Rygleg = Lmdd_:"'(l—lfd + Lmd)d_:j + Lmdd_lf[d ;
(2.10)
» Damper winding equations
. di di di
0=Rygl _Lmdd_:+Lmdd_:j+(led +|—md)d_ktd:
(2.11)
. di diy
0= qulkq _Lqu_s-'-(leq +Lmq)d_tq'
(2.12)

Parameters and variables in the above equations have the following meanings:

w: rotor speed,;

* Vv, armatured axis terminal voltage;

* V. armatureg axis terminal voltage;

* iy armatured axis terminal current;

* i, armatureg axis terminal current;

* V. field winding terminal voltage (reflected to the stator);
* i field winding terminal current (reflected to the stator);
* i« daxis damper winding current (reflected to the stator);

* i g axis damper winding current (reflected to the stator);
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* A total armature flux i axis;

* A, total armature flux img axis;

* Rs armature phase resistance;

* L armature phase leakage inductance;

* Lmg daxis coupling inductance;

* Ry field winding resistance (reflected to the stator);

* Lyg: field winding leakage inductance (reflected to the stator);

* R d axis damper wining resistance (reflected to the stator);

* Lig: d axis damper winding leakage inductance (reflected to the stator);
* Lmg g axis coupling inductance;

* R« g axis damper winding resistance (reflected to the stator);

* Lig: g axis damper winding leakage inductance (reflected to the stator).

Equations (2.6)-(2.12) describe the synchronous generator’'s equivalent circuit in
the rotor reference frame shown in Fig. 2.1.

Several comments can be made regarding this equivalent circuit:

» D andq axis equivalent circuits are similar to a transformer equivalent circuit: in
each of them, several windings, each characterized by some resistance and
leakage inductance, are coupled through a mutual coupling inductance. The
difference, compared to the transformer case, is that, while a transformer
equivalent circuit is an ac circuit, here, when the generator is operating in

sinusoidal steady state, all voltages, currents and flux linkages are dc.

» Even though armature windings are now represented in the rotor reference frame,
and there are no time-variant inductances, the fact that armature windings are
magnetically coupled is taken into account by presence of cross-coupling terms in

thed andq axis’s equivalent circuit’'s armature branch. For each axis, that term is
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equal to the product of rotor speed and total flux linked with armature winding of

the other axis.

A%

Ry Rid
L
md § Lifg Likd
Vid
R
Lmq
Likg

Fig. 2.1. Synchronous generator’s equivalent circuit in rotor reference frame.

If a machine (such as the exciter) has no damper windings, the equivalent circuit

can be easily adapted by removing from it the branches representing damper

windings. The rest of the circuit remains unchanged.

All rotor parameters are reflected to armature. Therefore, when this circuit is used

for simulation, and actual values of rotor variables are of interest, the turns ratio

between the rotor and armature needs to be taken into account.

17

This equivalent circuit describes a synchronous generator electrically. The
mechanical variable is represented by rotor speeahd the mechanical equation of the
system is needed in order to complete the model. This equation relates the external torque
applied to the generator’s shaft to the electromagnetic torque that the machine develops
internally. However, for the purpose of this thesis, the mechanical equation of the system

IS not considered, i.e. rotor speed is assumed to be known. The reason for that is the fact



that our interest consists primarily in describing electrical behavior of the generator
loaded with a diode rectifier and a dc reactive load. To do that, it is legitimate to assume
constant speed, since electrical transients in the machine can be considered much faster
than mechanical transients (which involve the engine’s dynamics and inertia and the
generator’s inertia). However, the main results of this work (the average model described
in Chapter 4) will be verified at different values of rotor speed, in order to assure their
validity.

With the above considerations, rotor speed not a variable, but a parameter of

the system. That causes (2.6)-(2.12) to be a set of linear differential equations.

2.1.3.Sinusoidal steady state operation

If a generator operates in sinusoidal steady state, phase voltages can be written in

theabcreference frame as

v, =V, cosg,,
(2.13)
v, =V COSEB —EE}
L w A I
(2.14)
VC:VpCOS%V‘FE ,
0 3
(2.15)
where
6,=wt+6,.
(2.16)

In steady state, obviouslya=w. However, in order to reach a steady state, the

generator must go through a transient during which the rotor electrical speed can be
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different from the terminal voltage’s angular frequency. That is the transient which
allows the machine to reach the steady state value of rotor anglefined as the
displacement of the rotor referenced to the maximum positive value of the fundamental
component of the terminal voltage of phasé can be expressed, in radians, as

0=6-6, =J'(w(f) -w,(£))d¢ +6(0)-6,(0) .
(2.17)

Then, after applying (2.1) to (2.13)-(2.15), in thegreference frame we have

v, = \/gvpsin(e -6,) = gvpsinc‘i,
(2.18)

[3 3
V, = Evpcose—ev): Evpcosé.
(2.19)

Expressions (2.18) and (2.19) suggest that, in order to be able to remigsent
reference frame variables and ac space vectors in the same diagram, a complex
(Gaussian) plane be associated with the machine’s ‘physigafilane. The Gaussian
plane’s real axis is aligned with the machingaxis, and the Gaussian plane’s imaginary
axis is aligned with machinetsaxis. It can then be written

V= i),

J3
(2.20)

In (2.20),V represents the space vector associated to volgggsandv, defined
by (2.13)-(2.15), andj represents the unity vector in the direction of imaginary axis.
Remember that the length of a space vector is assumed to be equal to the variable’s rms

value. Fig. 2.2 shows the position of ttig reference frame and space vect®V at

time t=0. Space vecton/3V and dq reference frame rotate at constant speeth a
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counterclockwise direction, and the instantaneous valugsg af andv. are obtained as

projections ofV2V onto axes, b andc, which are still.

b

Fig. 2.2. Generator’s space vector diagram for sinusoidal steady state operation.

Space vecton/3i , representing phase currents, is shifted by load apgigth
respect toV . The instantaneous values of phase currents ialibeeference frame are

obtained as projections of2I onto axes, b andc, and (constant) values of phase
currents in the rotor reference frame are obtained as projections of the current space

vector onto the&l andq axis, which yields

. 3 .

Iy = Elpsm(5+qo),
. [3

iq = EIpcos@+(p),

wherel, stands for peak phase current.

(2.21)

(2.22)
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2.1.4.Model implementation in a simulation software

Synchronous generator equivalent circuit in the rotor reference frame, shown in
Fig. 2.1, is very convenient to simulate with any software that allows schematic
descriptions of electric circuits, since only resistors, inductors and current dependent
voltage sources need to be implemented. PSpice [10] was used for all simulation results
in this thesis. Implementation of the circuit is straightforward, and only a few details will

be given some attention in this section

Cross-coupling terms in armature branches contain total armature ftbandq
axis, given by (2.8) and (2.9). It is evident that these terms can be implemented using

current-dependent voltage sources.

The generator model is implemented in tlogreference frame, but it is usually of
practical interest to a have three-phase generator's output terminals available in a
simulation process. That can be done by implementing the generator’s output with three
current-dependent current sources (Fig. 2.3), which generate currentslot tbéerence

frame by calculating them from armature currents irdtpeeference frame as

1.
A

q

T

[=3
D:DI:II:II:I
OO

(3]

(2.23)

- i V.

ld v, a@ THREE-

,\%ggfﬁ\r gg E d PHASE LOAD
I Vp IN ABC

REFERENCE

: REFERENCE
|
C

Fig. 2.3. Implementation of generator’s three-phase output.

From the principle of duality, the generator model in the rotor reference frame is

loaded with two voltage-dependent voltage sources (Fig. 2.3), representing the
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generator’'s armature voltagesdq reference frame, and calculated from the generator’s

armature voltages in thebcreference frame as

v, O

Wdlj_ a|:|
E—TB/bD.
A

q

(2.24)

In order to be able to implement (2.23) and (2.24), rotor ahgkeds to be known.
It can be calculated from (2.3), with the rotor speed represented by a current source
charging a 1 F capacitor. Voltage across this capacitor is numerically equal to the rotor
angle®. The initial anglefy, if needed, can be implemented by an ideal dc voltage source

in series with the capacitor.

One last comment regarding the generator's field voltage value. All rotor
parameters and variables in model equations are referred to armature. However, for
purposes of easy comparison of simulation with measurement results, it is convenient to
implement the field voltage source in the simulation process as it actually exists in a real
machine. To be able to do that, field-to-armature equivalent turnstrageds to be
known. The following relationships exist between the actual field winding variables and
field winding variables referred to armature (index ‘act’ denotes an actual field winding

variable, i.e. the variable as it can be measured at field winding terminals):

Vfd = tVfdact '
(2.25)

dact = g -

(2.26)

These relationships can be implemented as shown in Fig. 2.4.
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GENERATOR
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Vidact Mdact | REFERENCE
FRAME

Fig. 2.4. Implementation of generator’s field voltage.

2.2.Parameter identification

The synchronous generator equivalent circuit from Fig. 2.1 requires a large number
of machine’s parameters to be known. These parameters can be obtained from either the

generator’s design data or through measurements.

The two most common ways to measure a synchronous machine’s parameters are
short-circuit characteristics and standstill frequency response characteristics [8], [9], [13]-
[19]. Both of these methods are based on determining the machine’s parameters from the

following standard inductances and time-constants:

» D axis synchronous inductancg L

Ly =L +Las
(2.27)
« D axis transient inductance L
Ld - L|5 I‘mdl—lfd :
I-md + I-Ifd
(2.28)

« D axis subtransient inductancg L
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L mdL Ifd L Ikd

L, =L, ;
I—mdLIfd + I—mdl-lkd + I—Ifd led
(2.29)
Q axis synchronous inductancg L
L,=Ls+L g
(2.30)
Q axis subtransient inductancg L
. L..L
Lq = Lls + 1 ’
I-mq + leq
(2.312)
D axis open circuit transient time constant,T
T,; — Lig + L.
Rfd
(2.32)
D axis short circuit transient time constant T
Llfd + I‘mdLIs
' Lmd + Lls .
T, = ;
Rfd
(2.33)
D axis open circuit subtransient time constang, T
L.,
i + d™Ifd
T = Logtlig .
do 7
de
(2.34)
D axis short circuit subtransient time constant T
led + LmdLIdeIs
T": I—mdLIfd +LmdLIs+LIde|s .
d ’
de
(2.35)
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« Qaxis open circuit subtransient time constangT

- Lig* Ly

qo qu !
(2.36)

«  Q axis short circuit subtransient time constant T
I-quIs
R
T= Lmthe
Riq

(2.37)

Measurement of short-circuit characteristics requires measurement of the waveform
of the armature current immediately after a three-phase short circuit is performed at the
armature terminals. During the transient, the machine is rotating at a constant speed, and
field voltage is kept constant. From the measured armature current waveform, it is
possible to extract the values of, ILy , Ty and T, and from them to calculate tiue

axis parameters. This method does not allow calculation of the parametersg akibe

Measurement of frequency response characteristics requires blocking the rotor in a
position in which itsd (or g) axis is aligned with the flux produced by the armature
windings. With field winding shorted, frequency response is measured from the armature
terminals. The obtained Bode plots allow to determigell , Ly, Lgq , Ta, Tdo, Td ,

Tdo » Tq » Tqo and, from them, all parameters of thandq axes.

In a system like the one shown in Fig. 1.1, it is difficult to perform any of these
measurements. The reason for thist is that the exciter's armature terminals and main
generator’s field terminals are not accessible (they rotate with the shaft). Since detailed
design data sheets were available for the main generator, all the main generator’s
parameters were extracted from these data sheets. In the exciter’'s case, no reliable design
data sheets were available. Therefore, an exciter’'s stator and rotor (without a shaft) were
obtained from the manufacturer, and some measurements, conceptually similar to

standstill frequency response measurements, were done.
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2.2.1.Main generator

Design data sheets resulted in the following values of the main generator's

parameters at 146:

P= 4 poles;

* R&0.137Q;

* Li=0.897 mH,;
e Lnh=43.2 mH;
* R=0.0266Q;

e L4g=3.37 mH;
* Ry=0.120Q;

* Lyg=0.164 mH;
*  Lmg=20.8 mH;
«  R=0.1200Q;

«  Lyg=0.347 mH;

* t=0.098.

2.2.2 .Exciter

The exciter is a machine without damper windings, and that makes measurements
of its parameters relatively easy. The parameters to be determined &g Bg, Lmg
Ri, Lirg andt. While R, and Ryact can be measured directly at the winding’s terminals,
Liss Lma, Lmg Lira @and Ry can be calculated using (2.27)-(2.33), ongells, T g0, T g and

L4 are measured.
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Measurement of Ly and Ly

Consider the exciter with the rotor blocked and windings positioned as

schematically shown in Fig. 2.5. Wié0°, w=0 rad/s, the transformation matrix is

0, L 10
r00 R R
g2 _1 _1g
3 6 6H
(2.38)
while the inverse transformation matrix is
[l 2 O
0o \g 0
O O
;-ol _1g
inv D \/E \/glj
01 1 E
D_ —_
842 60
(2.39)

K]

: R
b . ¢
( )
\\/J i

Fig. 2.5. Circuit for measurement of &nd Ly .

From Fig. 2.5, armature currents in thbc reference frame can be expressed as

i.=0, ip=i, ic=-1. Armature currents in thdqg reference frame are easily calculated by
applying (2.4), which yields, = ~J2i, ig=0. Then, if field winding terminalfl andf2

are left openi{;=0), equations (2.6)-(2.12) are reduced to
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. di . digd
Vd = _Rsld _(Lls + Lmd)d_(tj = \/EEQSI +(Lls + Lmd)aH!
(2.40)
v, =0,
(2.41)
di,
Vg, =—L 44—
fd md dt
(2.42)
Oncevy andvy are knowny,, Vi, andv, can be found from (2.5), yielding
v, =0,
(2.43)
. di
Vb = _Vc = _Rsl _(Lls + Lmd)a .
(2.44)
Finally, supply voltage can be expressed frompandvc:
V=V, —V, :ZH? i+(Ls+L d)ﬂEl
C |:| S S m dtl:
(2.45)

If vis a sinusoidal voltage source of frequengy(2.45) can be rewritten in terms

of phasors as

v

| = Z[Rs + jws(Lls + Lmd)] = 2[Rs + jwsLd]’

(2.46)
where lg stands for the exciterd axis synchronous inductance. It is clear now that, by
measuringV , | and R, it is possible to determine the value @f L

It can be shown that, in the same conditions as above, except for field winding
terminalsfl and f2 being shorted instead of opews£0), the following is valid if

Rig<< arlifg:
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(2.47)

In this way,d axis transient inductance Lcan be found.

Measurement of Tq, and T4

D axis time constantsqd and T can be found from measurements performed at
the field winding terminals. The configuration shown in Fig. 2.6 is used. Remember that
time constants do not depend on whether they are referred to the rotor or to the armature.
Therefore, it is allowable to draw conclusions from the machine’s equations referred to

the armature, but to perform measurements at the actual field winding terminals.

b C
Fig. 2.6. Circuit for measurement of,Tand T .
If the armature windings are left open, (2.10) immediately yields
. di
V=Rl +(Lyy + Lmd)a )

(2.48)

or, written with phasors,

v

| =Ry + jow (L +Lg) = Zfdo-

(2.49)
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Then, as (2.32) suggests, tbexis open-circuit transient time constant can be

found from the resistive and inductive partaf, .

If the armature terminals are shorted, the assumption tka&tu s heeds to be
made in order to measureq T With Va=vp=v=vq=v,=0, and stator resistances R
neglected, (2.6)-(2.10) yield

— Lmd
‘ Lls + Lmd 1
(2.50)
iq =0,
(2.51)
. N [
Vig =Ryl + E‘Ifd +ﬁ dt[d .
(2.52)
When (2.52) is written in terms of phasors, we obtain
\2 . N =
T =Ry + stE~|fd +ﬁ% Zy.
(2.53)

Then, as (2.33) suggestsaxis short-circuit transient time constant can be found

from the resistive and inductive part 8f, .

Measurement of Ly

For measurement of tlgpaxis parameters, the windings can still be positioned as in
Fig. 2.5, but the armature terminals need to be connected as shown in Fig. 2.7. It has no
importance, in this case, whether the field winding is left open or shorted, since no flux

produced by the armature links the field winding.
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: N O

Fig. 2.7. Circuit for measurement of q axis parameters.
With the connection as in Fig. 2.@bc reference frame armature currents are
Y A ) P I
i,=-, i, =§I , g =EI, which, by virtue of (2.4), yield&=0, i, =~ EI . Then, from
(2.6) and (2.7), armature voltages in rotor reference frame can be found as

v, =0,
(2.54)

w=—R%—a.+Lm) J_§n+a%+tm)m§

From (2.54) and (2.55), by using (2.5), the armature voltages iabtheeference

(2.55)

frame are
. di
V,=RJ+(L,+L _,)—,
a 5 ( Is mq) dt
(2.56)
I AN d| ad
Vo =V __E%sl +(Lls+ mq dt H
(2.57)
Sincev=v,-W, it can be written (in phasor terms)
V3R ot L= SRt L),
(2.58)
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which makes it clear thatylcan be found aftev, I and R are measured.

Note that where a factor of two was present in (2.46), expression (2.58) has a factor
of 3/2. That can be intuitively explained by the way the armature phases are connected in
Fig. 2.5 and Fig. 2.7.

The above-described measurements were performed at the available exciter’'s stator
and rotor. Since there were no shaft and bearings, uniformity of the air gap was assured
by inserting transformer paper between stator and rotor. Resistances were measured at dc
and 25°C, and ac measurements were performed at three different frequencies, in order to
check for the effects of iron eddy currents. Since there is no standard way of diyding L
into its two components,dand Lqg, it is assumed thatdrepresents 5% of the value of
Lq. Table 2.1 summarizes the measurement results. It was found that eddy currents had

no influence, since the measurements at all three frequencies gave very similar values.

Table 2.1. Measured exciter's parameters.

Parameter | Measured atdg Measured at 60 Measured at | Measured at

measured Hz 200 Hz 400 Hz
Rs (Q) 0.218

Redact (Q) 30.6

Lg (MH) 2.43 2.43 2.42

Ly (mH) 0.677 0.672 0.669
Tao (S) 0.026 0.026 0.026
Tq (S) 0.0086 0.0077 0.0076
Lq (MH) 2.38 2.37 2.37

The following parameter values (at 145°C) were used when exciter operation was

simulated:
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P= 8 poles;
R=0.218Q;
Ls=0.122 mH,;
Lm&=2.31 mH;
Ri=0.123Q;
L¢=0.845 mH;
Lmg=2.25 mH;

t=0.063.
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Chapter 3. Switching Model

3.1.Introduction

The switching model of a diode bridge-loaded synchronous generator (which will
also be referred to as a generator/rectifier switching model) is obtained when a three-
phase diode bridge is connected to the generator’s three-phase output implemented in a
simulation software, as shown in Fig. 3.1. The main purpose of time-domain simulations
of the switching model is to see how an electronic (diode-rectifier) load affects the
generator's ac waveforms; the model's switching nature makes it unsuitable for
linearization and control-purpose applications. Also, because of the need to keep the
maximum simulation time-step well below the switching period, these simulations are

time- and memory consuming.

Fig. 3.2 shows the block diagram of the system whose switching model was
simulated. It differs from the one shown in Fig. 1.1 in the fact that the engine is excluded
from the model, the generator speed is set as a model parameter, and the main generator’s
dc load is represented by a resistor (instead of an inverter). Since our primary interest is
to show the exciter's and main generator's ac waveforms, these simplifications are

legitimate.
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Fig. 3.1. Generator/rectifier switching model.
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Fig. 3.2. Block diagram of the simulated system.

3.2.Simulation and experimental results

It is convenient to simulate the system shown in Fig. 3.2 under different operating
conditions (values of spead and load R in order to see how the main generator’'s ac
waveforms are affected by diode-rectifier load. Two cases are shown in Fig. 3.3 and Fig.
3.4. They represent the main generator’s line-to-line voltage and phase current at two
different speeds (2280 rpm and 3340 rpm) and different resistive dc loads (34 kW and
100 kW). In both cases, the exciter’s field voltage was set to an appropriate value in order

to obtain 800 V at the dc-link.

The simulation results shown in Fig. 3.3 and Fig. 3.4 are to be compared with the
measurement results, shown in Fig. 3.5 and Fig. 3.6, respectively. It can be seen that the

measured waveforms closely match the simulation results.
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Fig. 3.3. Switching model simulation: the main generator’s line voltage and phase
current (n=2280 rpm, R19 Q, wg=16 V).
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Fig. 3.4. Switching model simulation: the main generator’s line voltage and phase
current (n=3340 rpm, R6.4 Q, =33 V).
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Fig. 3.6. Measurement: the main generator’s line voltage and phase current (n=3340
rom, R=6.4 Q, =31 V).

Several remarks can be made regarding the waveforms shown in Fig. 3.3, Fig. 3.4,
Fig. 3.5 and Fig. 3.6. Line-to-line voltage waveforms in these pictures have a ‘flat’ top,
due to the simultaneous conduction of three diodes, and the presence of a large capacitor
connected across the dc-link. The generator’s inductance causes diode commutation to
last for a considerable portion of the ac period. During commutation, three diodes are
conducting in the diode bridge, which means that one of the generator’s line-to-line

voltages is equal to zero; the other two are equelc.tand—vy,, Wherevy is the voltage
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across the dc-link capacitor. That voltage does not practically change over an ac period,
which results in the line-to-line voltage waveform’s flat top. Therefore, the main
generator’s line voltages are shaped by its dc load, dominated by a large capacitor. Note
that as generator speed increases (ac period decreases) and dc load current increases, the
duration of commutation becomes relatively longer with respect to the ac period. That
continues until diode commutation requires 60 electrical degrees, and line-to-line voltage
shows no more sinusoidal portions, but is a quasi-square waveform (Fig. 3.4 and Fig.
3.6). If the ac period were further reduced, and/or the load current were further increased,
it could be expected that the commutation angle would exceed 60°. However, no such
conditions were experienced with the studied system. The phase current waveform shown
in Fig. 3.3, Fig. 3.4, Fig. 3.5 and Fig. 3.6 is a consequence of applied voltage conditions,

and no immediate intuitive explanation can be associated with it.
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Fig. 3.7. Switching model simulation: the exciter’s line-to-line voltage and phase current
(n=3340 rpm, R=6.4 Q, =33 V).

The exciter’s voltage and the current waveforms obtained with the switching model
simulation are shown in Fig. 3.7. It was not possible to measure the exciter's armature
voltage and current waveforms because of the inaccessibility of the exciter's armature
windings. In Fig. 3.7, the exciter's diode bridge already operates with the 60°

commutation angle, but the waveforms are very different from the ones relative to the
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main generator, due to the nature of the exciter's dc load. It is a heavily inductive load
(the main generator’s field winding), which causes the output dc current to be practically
constant over one exciter's ac period. Because of that, and because of the 60° diode
commutation angle, the exciter’'s phase currents have a trapezoidal form as shown in Fig.
3.7. The line-to-line voltage waveform is a consequence of such currents, and it is not
subject to an intuitive explanation. Dually to main generator’'s case, the exciter's phase
currents are shaped by its primarily inductive dc load.
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Fig. 3.8. Switching model simulation: the main generator’s field voltage at exciter’s field
voltage step from 0 V to 47.5 V (n=4000 rpnsd27 Q).

All figures in this section show the machine’s ac variables in steady state. In order
to reach a steady state of interest, a long initial transient needs to be simulated. It is
illustrative to consider one of the system’s dc variables during such a transient. Fig. 3.8
shows the main generator’s field voltage (output voltage of exciter’s diode bridge) during
transient caused by a step in exciter’s field voltage. Note that the waveform consists of an
average component on which is superimposed a large amount of the switching ripple. It
will be argued in the following section that only the average component of such a
waveform has importance regarding power transfer and the system’s dynamic behavior;
the ripple is a consequence of the exchange of reactive power between various parts of
the system. Therefore, a representation of a system that accounts for the average

component of a dc waveform, but excludes the ripple, would be valid and meaningful for
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the system’s analysis. It would also save simulation time, and offer some possibilities
(linearization) that are not inherent to the switching model. Such ‘ripple-free’
representation will be made possible by the average model presented in the following
chapter. It is necessary, however, for the average model to take into account the effects of
non-ideal operation of the system. In order to identify and correctly quantify these

effects, an analysis of the switching model simulation results need to be conducted.

3.3.Analysis of switching model results

It was mentioned in the introductory chapter that, with a generator operating in
conditions such as those shown in Fig. 3.5 and Fig. 3.6, a phase-shift exists between the
fundamental harmonic of the generator's phase voltage and phase current. In the system
studied, it was not possible to measure the generator’'s phase voltage waveform because
of the absence of a neutral connection. In such a case, switching model simulation offers
a precise means of obtaining phase voltage waveforms, shown (together with phase
current) in Fig. 3.9 and Fig. 3.10 for the main generator and in Fig. 3.11 for the exciter. It
is evident from these figures that there is a considerable phase shift between the
fundamental harmonic of the two waveforms; however it is also evident that, due to the
complexity of the waveforms, it is practically impossible to evaluate the phase shift
analytically. Numerical evaluation is made possible by using the results of the switching
model simulations and the generator’s space vector diagram. Prior to explaining how this
numerical evaluation can be carried out, it is useful to discuss the role of the current’'s and
voltage’s higher harmonics (harmonics other than fundamental) in the power transfer

occurring from the generator to the dc output of the diode rectifier.

On the ac side of the rectifier, higher current harmonics are caused by diode non-
linearity. Higher voltage harmonics are due to the voltage drop, caused by the higher
harmonics of the current, across generator's impedance. Since this impedance is

primarily inductive, for each harmonic other than the fundamental, the voltage will be
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shifted by practically 90° with respect to the current. Therefore, active power associated

with higher harmonics at the rectifier's ac side can be considered negligible.
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Fig. 3.9. Switching model simulation: the main generator’s phase voltage and phase
current (n=2280 rpm, R19 Q, %=16 V).
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Fig. 3.10. Switching model simulation: the main generator’s phase voltage and phase
current (n=3340 rpm, R6.4 Q, =33 V).
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Fig. 3.11. Switching model simulation: the exciter’s phase voltage and phase current
(n=3340 rpm, R=6.4 Q, =33 V).

At the dc side of diode rectifier, the dc voltage and current consist of an average
value and a certain ripple superimposed on it. One of two dc variables, however, is
almost ripple-free: it is the dc current in the exciter's case, due to the heavily inductive
main generator’s field winding; it is dc voltage in the case of the main generator, due to a
large dc-link capacitor. Therefore, power associated with ripple voltage and current at the
dc side of the rectifier can be neglected, compared to the power associated with the

output variables’ average values.

It is possible now to proceed with an explanation of how the generator's space
vector diagram can be drawn when steady state ac waveforms consist of a fundamental
and higher harmonics. Because of higher harmonics present in ac waveforms, steady state
currents and voltages in thdg reference frame are not constants, but dc variables
consisting of an average value to which a ripple (at a frequency equal to six times the
generator terminal frequency) is added. For example, the main generGtaxs
armature voltage and current are shown in Fig. 3.12. In these conditions, and according to
the above discussion regarding the importance of higher harmonics for power transfer,
the generator's space vector diagram can still be drawnd larnd g axis armature

variables are represented by their average values, i.e. ac variables are represented by their
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fundamental harmonics. That is shown in Fig. 3.13, wherdenotes the steady state
average value of variablke and index ‘1’ refers to the fundamental harmonic of an ac
variable. From Fig. 3.13, phase shgfbetween the fundamental harmonics of generator’s

voltage and current can be evaluated as

[

@ = arctan? —arcta
|
q

ST

(3.1)

The operating point of the system is defined by the main generator’s load and
engine speed. These two, however, are related through a linear dependence as shown in
Fig. 3.14. That kind of relationship is considered optimal for the engine, and will be used
in this section whenever the dependence of a certain parameter on the operating point is
investigated.

Fig. 3.15 shows howyp varies with system’s operating point. In order to obtain
these results, the switching model was simulated and the steady state average iglues of
ig, Va andvgy were found, after whiclpwas computed from (3.1). The dependence on
the operating point will be important for the development of the generator/rectifier
average model, carried out in the following chapter.
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Fig. 3.12. Switching model simulation: the main generator’s steady state armature d-axis
voltage and current.

43



Fig. 3.13. Generator’s space vector diagram for non-sinusoidal steady state.
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Fig. 3.14. Engine speed as function of the main generator’s load, defining operating
points (100%=150 kW).
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Fig. 3.15. Variation ofpwith the operating point.

For the development of the generator/rectifier average model, it is also interesting
to study how the average value of the rectifier's output dc voltage and current can be
related to the average values of the armature voltages and currentsdpréierence
frame. If the generator were an ideal voltage source, by combining (1.1) with (2.18) and
(2.19), the following expression can be found:

Vye :¥1/v§ +V; :% VS 4+ =1.35/VF +V .
(3.2)

Similarly, with an ideal voltage source generator and a dc current source load, from

(1.2) and the space vector diagram in Fig. 3.13, a relationship for currents can be
obtained:

ldc_ﬁﬂld +|q =0.74 Iy +|q .
(3.3)

In the actual case, when the generator is not ideal and the dc load is not a constant
current source, it can be assumed that these relationships preserve the same form;
however, the value of the constants that relate the rectifier's output variables to the

generator's averagelg variables will have to be changed. The switching model
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simulation can be used in order to evaluate numerically these constants (Qaioed

voltages and; for currents) according to the following expressions:

—_ Vdc
e
d q
(3.4)
i
k ===
id2+iq2
(3.5)

Fig. 3.16 and Fig. 3.17 show the variation kpfand k;, respectively, with the
operating point, for the main generator and the exciter. It is interesting to note that, for
the main generator at light load, constignis practically equal to 1.35, which is its ideal
value. That is due to the fact that, at light load and low generator speed, distortion in the
main generator’s terminal voltage is minimal. The excitky, s:owever, does not show
the same behavior at light load. That can be attributed to the forward voltage drop across
the diodes in the exciter’s rectifier bridge. At light load, the exciter needs to provide only
several volts of the main generator’s field voltage. In these conditions, the forward
voltage drop across two diodes (which are in serial connection with the exciter’'s armature
windings) is a significant portion of the exciter's phase voltage. Therefore, in order to
provide the needed main generator’s field voltage, the exciter's phase voltages need to be
somewhat larger compared to the ideal case characterized by the zero diode forward
voltage drop. Consequently, when the excitky’at low load is calculated from (3.4), the
resulting value is significantly smaller than in the ideal case. The difference between the
ideal and non-ideal value &f gets relatively smaller as the load increases, because the
exciter's phase voltage becomes much larger than the diode forward voltage drop. That is
also why the effect of the diode forward voltage drop is practically negligible in main

generator’s case.

Calculation ofk; is not directly affected by diode non-ideality, and both the
exciter's and main generatorls show the same type of load dependence. Their
discrepancy from the ideal value (equal to 0.74) can only be attributed to phase current

waveforms being different from the one shown in Fig. 1.3.
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The influence of the diode forward voltage drop will be addressed again in Section

4.4.2, when the validity of generator/rectifier average model will be discussed.

The above discussion on the meaning and load-dependenge lqf and k;
represents the basis for the development of the average model of a diode bridge-loaded
synchronous generator (also referred to as the generator/rectifier average model),

contained in Chapter 4.

a7



Chapter 4. Average Model

4.1.Concept of the average model

The higher harmonics present in the generator's ac variables need to be taken into
account and studied in detail for certain purposes, such as, for example, evaluation of
additional generator losses caused by them. However, as was already mentioned in
section 3.3, they can be ignored from the point of view of the main power transfer from
the generator to the dc-link. The same statement can be made regarding their importance
for the generator's dynamic performance, which is determined primarily by the
fundamental harmonic of ac voltage and current. For example, when the dc-link control-
loop of the system in Fig. 1.6 needs to be designed, the objective is to control the average
value of the dc-link voltage, i.e. the fundamental harmonic of the generator’'s ac voltage.
The ripple present in dc (atg reference frame) variables, and harmonics other than
fundamental in ac variables, are characterized by frequencies too high to affect the

machine’s dynamic behavior and to be dealt with by the field control-loop.

For the above reasons, it would be useful to have an ‘average’ model of a diode
bridge-loaded synchronous generator, i.e. a model that would take into account only
fundamental harmonic of the ac variables, and the average value of dc (or rotor reference
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frame) variables [20], [21]. The model should also take into account the effects that the

non-ideal operation of the diode bridge has on fundamental harmonic and average values.

Before proceeding, a clarification regarding the meaning of the term ‘average’ in
this text is necessary. A more appropriate term to describe what is intended here would be
‘moving average’ [1] which, for a generic periodic variablef periodT, can be defined

as

-

=

X(t) X(¢)dS .

t=

—

4.1)

Applied to the case dealt with in this text, (4.1) means that the process of averaging
removes the ripple from all dc or rotor reference frame variables. What remains is a
‘smooth’ variable that assumes the role of instantaneous value of the actual variable, and
can be affected by any transient characterized by frequencies smaller tianvitige
T=1/(6f), f being the generator’'s ac frequency. Transients occurring at frequencies larger
than 1/(X) are lost in the process of averaging. However, the synchronous generator’'s
dominant characteristic frequencies are, as a rule, well belowh@&refore, it can be
expected that all important dynamic characteristics of the synchronous generator will be

preserved in the averaging process.

It can be noticed that the symbol used in (4.1) for moving average is the same one
used in (3.1)-(3.5) for steady state average. It was chosen because the steady state

average can be considered only a special case of the more generic moving average.

It is possible now to proceed with presenting the approach that is going to be used
to develop the generator/rectifier average model. In [21], an average model of a system
consisting of a three-phase voltage source, rectifier, inverter and synchronous motor is
presented. It involves describing the rectifier and inverter in a reference frame rotating
synchronously with source voltages, while the synchronous motor is desribed in a
reference frame rotating synchronously with its rotor. Transformation from one to

another reference frame is then established by means of rotordangle
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A similar method will be applied here in order to develop an average model of a

diode-bridge loaded synchronous generator: the rectifier's dc output will be expressed in

a reference frame rotating synchronously with the generator’s terminal voltages. Rotor

displacement angléwill then be used to relate it to the generator’'s variables in rotor

reference frame.

In development of the average model, switching model simulation results from

Section 3.3 are used. The main conclusions from this section, indispensable for

development of the average model, are repeated here for convenience:

Power transfer and the system’s dynamic behavior are determined primarily by
the fundamental harmonic of ac variables and the average component of dc

variables.

Due to the reactive nature of the generator’'s impedance and dc load, there exists
a phase shiftp between the fundamental harmonics of the generator’s phase
voltage and phase current. The amount of phase shift can be determined from

the switching model simulation results.

In spite of non-ideal operation of the rectifier, it can be assumed that average
values of rectifier's output voltage and current are proportional to the
fundamental harmonic of the generator’s phase voltage and current through
constantsk, and k;, respectively. Values of these constants need to be

determined numerically from switching model simulation results.

Based on the above conclusions, development of the average model is carried out

in two steps, which are discussed in the following section:

The generator’'s armature variables in rotor reference frame and the rectifier’s
output variables are represented together in the system’s space vector’s diagram

by means ok,, ki andg.

Appropriate equations (following from the geometry of the system’s space-

vector diagram) are selected as the average model’'s equations.
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4.2.Formulation of average model equations

4.2.1.System space-vector diagram

It was shown in Fig. 3.13 how the generator’s space vector diagram can be drawn
by taking into account the average values of variables in the rotor reference frame, and
the fundamental harmonic of ac variables. It is possible now to move one step further,
and to include vectors representing the average values of the diode bridge’s output

variables in the same diagram. According to (3.4) and (3.5), that is possible by simply
replacing space vectord_3\71 and \/§I_l in Fig. 3.13 with vectors whose lengths are
v,./k, andi,/k , respectively. The resulting generator/rectifier space vector diagram is

shown in Fig. 4.1. Axes, b andc were omitted from representation in Fig. 4.1, since no

three-phase variables are shown.

The following expressions can be obtained from Fig. 4.1:

Vg =K, (V4 8iNd +V, c0osd),
(4.2)

d
Fig. 4.1. Generator/rectifier space vector diagram.
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iy =k [l sin@ + 9) +1, cos@ + 9],

(4.3)
Vy :&sind,
(4.4)
v, :icosé,
K,
(4.5)
= sin@+),
[ 3 sin(© + )
(4.6)
s
Iy = K cos@ +¢).
4.7)

Strictly speaking, Fig. 4.1 and (4.2)-(4.7) describe, in an average sense, a certain
steady state operating point, because the valugs lgfandk;, change as the operating
point changes. However, from Fig. 3.15, Fig. 3.16 and Fig. 3.17, it can be seen that their
variation with the operating point is not significant. It can, therefore, be assumed that
(4.2)-(4.7) will be valid during transients, too, as long as valueg df, and k;
corresponding to a ‘medium’ operating point (for example, 50% of rated load) are
selected. If it is known in advance that transient will occur in the proximity of a particular
operating point, it is possible to select more appropriate valugskptindk; relative to

it, thus making (4.2)-(4.7) a more accurate representation of the system.

4.2.2.Average model equations

It is possible now to select appropriate expressions among (4.2)-(4.7) in order to

implement the average generator/rectifier model, whose block diagram is shown in Fig.

52



4.2. The dc source can be either a voltage or a current source, and its expression is
obtained from (4.2) or (4.3), respectively. Tth@andq axis load can be given by either
current or voltage sources, and their expressions are calculated from (4.6)-(4.7), or (4.4)-

(4.5), respectively. This results in two dual sets of average model equations:

e Setl

Vg =K, (v, SiNd +V, c0sd),

(4.8)
i, = sin@G +9),
(4.9)
~
Iq :llccosﬁ-'-(p) '
(4.10)
0= arctan\i—d .
Vq
(4.11)
3
+ D axis
Synchronous | Vq load
generator - Dc
model in rotor . _ source
reference framg | Q axis
9 load
Fig. 4.2. Block diagram of the average model.
» Set?2
i =k [i, SinG +¢) +1, cos@ + ),
(4.12)
Vy = Esin5,
K,
(4.13)
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v, =—<£cosd,
K,
(4.14)
d =arctan-2 .
Vq
(4.15)

It can be seen that, both in Set 1 and Set 2, an equation for calculation of rotor
angle 6 was included among the average model’s equations. More generally, if the
generator's mechanical transients were modeled, ahgif®uld be calculated according
to (2.17). In our case, rotor speed is set as a model parametércamahange only due
to electrical transients; therefore, it can be calculated directly from the armature voltages

in thedqreference frame.

It can be seen that the average model's equations establish a ‘transformer-like’
relationship between the generator’'s output indgeeference frame, and the rectifier’s
dc output. For example, if Set 1 is considered, dc output voltage is calculated from
armatured andq axis voltages, and the generator’'s armature currents igtheference
frame are calculated from the dc output current. However, the presence od an(le9)
and (4.10) causes the armature currents im¢reference frame to be dependent also on
the armature voltages in tllg reference frame. That is a consequence of the fact that the

generator is not an ideal voltage source.

An analogous conclusion can be reached if Set 2 of the average model equations is

considered.

Set 1 of the average model equations can be written in a somewhat different form if
the equation for calculation of angbels incorporated into other equations. That can be

done by expanding Hi&+¢ and co&d+¢), and replacing sihwith kv, /v,., and cod

with kv, /v,.. That results in:

e Setla
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=K,,|VZ+V,

(4.16)
lg = (kcosvd + ksinvq) \7dc ,
4.17)
P2 (k.0 —k.7) e
Iq - (kcoqu I(sian) \7dc '
(4.18)
where
kcos = K/ et ’
K
(4.19)
_kysing
ksm kI
(4.20)

Mathematically, Set 1, Set 2 and Set 1la are completely equivalent to each other.
However, when simulation of the average model is performed, sometimes one set of
equations is more convenient than another, as far as the calculation of the steady state
operating point and convergence problems are regarded. It is useful, therefore, to use

them interchangeably in order to obtain the best simulation results.

4.3.Verification of the average model

In order to verify the average model, the simulation results obtained with it can be
compared to the simulation results obtained with the switching model, and to
measurement results. Between these two choices, comparison with the switching model

results are more meaningful for verification of the average model, because they are not
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influenced by possible errors in machine parameter values, which can cause discrepancies
between simulation and measurement. However, as this section will show, good matching

of the results was obtained in both cases.

Two types of transients were simulated and measured: the step in the exciter’s field
voltage and the step in the main generator’s resistive dc load. The measured variables
included the exciter's field current and the main generator's dc-link voltage.
Measurements were performed at various generator speeds, and at reduced voltage and
power levels (compared to the system’s rated power), because of the limitations of
measuring instruments. All average model simulations were done with valpds, ahd
ki corresponding to 50% load on Fig. 3.15, Fig. 3.16 and Fig. 3.17, that are summarized
in Table 4.1.

Table 4.1. Values of ki and ¢ used for verification of the average model.

@(rad/s) ky ki
Main generator 0.24 1.29 0.75
Exciter 0.13 1.22 0.78

Fig. 4.3 shows the main generator’s field voltage (i.e. the output voltage of the
exciter's diode bridge) during transient caused by stepping the exciter’s field voltage
from 0 to 47.5 V. The generator is rotating at maximum speed (4000 rpm), and the steady
state operating point, reached after the transient is finished, corresponds to the maximum
(150 kW) power output of the system. Fig. 4.4 shows the same waveform, but is obtained
with the average model. It can be seen that it resembles very closely the waveform
obtained with the switching model, except for the ripple. It is interesting to point out that
the simulation whose results are shown in Fig. 4.3 required 207 s to be completed, while
the one showed in Fig. 4.4 required 2.55 s. That makes it easy to understand how much

simulation time the average model can save.
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Fig. 4.3. Switching model simulation: the main generator’s field voltage at the exciter’s
field voltage step from 0 V to 47.5 V (n=4000 rpnFdR7 Q).
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Fig. 4.4. Average model simulation: the main generator’s field voltage at the exciter’s
field voltage step from 0 V to 47.5 V (n=4000 rpmrdR7 Q).

Fig. 4.5 shows the measured waveforms of the exciter’s field current and main dc-
link voltage during transient caused by a 0 to 8.5 V step in the exciter’s field voltage. The
generator is rotating at 3050 rpm, and the load resistance isQ8which corresponds

to a steady state power output of approximately 12 kW. Fig. 4.6 shows the same
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waveforms obtained with the switching model simulation, and Fig. 4.7 shows average
model simulation results. Even though the waveforms in Fig. 4.5, Fig. 4.6 and Fig. 4.7
are very similar, there are some differences among them that require a comment. First,
the measurement shows some dc-link voltage even at zero exciter’s field voltage. That is
due to remnant magnetism in the real machine, which is not taken into account by the
generator model. Second, when the switching model simulation was done, the exciter’s
field voltage needed to be lower (7 V), compared to the measured case (8.5 V), in order
to achieve the same steady state dc-link voltage. That can be attributed to errors in the
exciter’'s and main generator’s parameters. Third, the value of steady state dc-link voltage
obtained with the average model is slightly lower than the value obtained with the
switching model. That can be attributed to the fact that, when the average model
simulation was done, values @fk, andk; corresponding to 50% load in Fig. 3.15, Fig.

3.16 and Fig. 3.17 were chosen, even though actual output power was less than 10% of
rated power. The speed, also, was not such that it would correspond to the power

according to Fig. 3.14.

: DcIinkvoItage(lOOV/div)-é----é----é----é----
' : : : fo T €3

QVE e aaddiiddilbb A Ol

oAl S - - Exciter’s field current (0.2 A/div)
-120.00 ms 560,00 ms 1.8800 s
200 msSdiv repetitive

Fig. 4.5. Measurement: dc-link voltage and the exciter’s field current at the exciter’s field
voltage step from 0 V to 8.5 V (n=3050 rpns18.75 Q).
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Fig. 4.6. Switching model simulation: dc-link voltage and the exciter’s field current at the
exciter’s field voltage step from 0 V to 7 V (n=3050 rpm1BR.75 Q).

600 1.4

BOO | -~ -t TR 1.2
400 - o
S o,
5 g
& 300 | -
o
g | 3
g 200 z
4 2]
£ | <
: 100 3
=] 2
0 5

-100
-200 ‘ ‘ \ \ \ T \ \ \ -0.2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Fig. 4.7. Average model simulation: dc-link voltage and the exciter’s field current at the
exciter’s field voltage step from 0 V to 7 V (n=3050 rpm1B.75 Q).

Measured and simulated waveforms during transient caused by interruption of the
exciter field current are shown in Fig. 4.8, Fig. 4.9 and Fig. 4.10. Regarding the small

differences in waveforms, the same comments can be applied as in the previous case.
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Fig. 4.8. Measurement: dc-link voltage and the exciter’s field current at the exciter’s field
current step from 0.34 A to 0 A (n=3050 rpnx18.75Q.).
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Fig. 4.9. Switching model simulation: dc-link voltage and the exciter’s field current at the
exciter’s field current step from 0.38 A to 0 A (n=3050 rpm 1875 Q).
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Fig. 4.10. Average model simulation: dc-link voltage and the exciter’s field current at the
exciter’s field current step from 0.38 Ato 0 A (n=3050 rpm1B.75 Q).

The transient caused by stepping the main generator’s resistive dc load is shown in
Fig. 4.11, Fig. 4.12 and Fig. 4.13 (measurement, switching model simulation and average
model simulation, respectively). A slight undershoot, not registered during the
measurement, can be noticed in the simulated waveform of the dc-link voltage; it can be
attributed to errors in machine parameters. Also, for the same reason as before, the steady
state dc-link voltage is somewhat larger when obtained with the average model than with

the switching model.

It is also interesting to notice the effect of the large generator's synchronous
reactance on Fig. 4.11: when load resistance drops by a factor of two, the output voltage
drops by a large amount (approximately a factor of two in this case). The same effect can
be observed in Fig. 4.14 and Fig. 4.15, which show dc-link voltage during the transient
due to the disconnection of I® (2 kW) resistive dc load, at two different speeds (2000
rpm and 3700 rpm). It can be seen how the difference in dc-link voltage before and after

the transient depends on generator speed (i.e. the generator’'s synchronous reactance).
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Fig. 4.11. Measurement: dc-link voltage and the exciter’s field current at resistive load
step from 12.82 to 6.25Q (n=3100 rpm, ¥=11.6 V).
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Fig. 4.12. Switching model simulation: dc-link voltage and the exciter’s field current at
resistive load step from 123 to 6.25Q (n=3100 rpm, ¥=11.6 V).
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Fig. 4.13. Average model simulation: dc-link voltage and the exciter’s field current at
resistive load step from 123 to 6.25Q (n=3100 rpm, %=11.6 V).
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Fig. 4.14. (a) measurement, (b) average model simulation: dc-link voltage in transient
following disconnection of 19 resistive dc load (n=2000 rpm¥3.4 V in (a), w=1.85

Vin (b)).
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Fig. 4.15. (a) measurement, (b) average model simulation: dc-link voltage in transient
following disconnection of 19 resistive dc load (n=3700 rpm¥2.8 V in (@), w=2.03
Vin (b)).

The results presented in this section lead to the following conclusions:

1. Transient waveforms obtained with average model match extremely well, in the
moving average sense, transient waveforms obtained with the switching model.
Slight discrepancies (about 5%) in steady state values can be attributed to the
fact that the same values @fk, andk;, relative to 50% load in Fig. 3.15, Fig.

3.16 and Fig. 3.17, were used for all average model simulation, regardless of
the operating point. Differences in dynamic waveforms characteristics
(overshoot, undershoot, settling time) are practically invisible between the

switching and average model results.

2. All simulation results (switching and average model) match reasonably well
with measurement results. The differences can be explained by either the
generator model's inherent drawbacks (absence of modeling of magnetic
saturation and remnant magnetism), or by errors in the main generator’s and

exciter’'s parameters.

3. Based on the above conclusions, the average model presented in Section 4.2.2
can be used in order to predict dynamic behavior of the system shown in Fig.
3.2. Validity of the model will be discussed more generally in the following

section.
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4.4.Validity of the average model

4.4.1.Discussion of first harmonic assumption

Based on the discussion regarding the importance of higher harmonics for
operation of a diode bridge loaded synchronous generator (Section 3.3), the following
conditions must be satisfied so that the average model represents the actual system’s

behavior with sufficient accuracy:

1. The generator's harmonics other than fundamental deliver negligible active

power;
2. The diode rectifier output is well filtered (large L, or C, or both).

In most practical applications, both of these conditions will be true. Almost any
synchronous machine (or, more generally, any non-ideal electrical source) will have the
reactive part of its internal impedance dominant when compared to the resistive part. That
will cause the active power associated with higher harmonics at the rectifier’s input to be
negligible. Similarly, there is always some kind of filter at the output of the diode bridge.
Because of that, either dc voltage or dc current at the rectifier's output will have a
negligible ripple.

Therefore, it can be expected that the above requirements will not limit the

possibility of practical applications of the developed average model.

4.4.2.Average model and diode rectifier losses

It was explained in Section 3.3 how the diode’s forward voltage drop influences
calculation of the exciter’k, at light load. It is the purpose of this section to discuss, in a
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somewhat more detailed manner, how diode rectifier losses can be related to parameters

of the average model.

It needs to be made clear, at the very beginning of this discussion, that all switching
model simulation results presented in previous sections of this work were obtained with
the default diode model available in PSpice. That model accounts for forward voltage
drop, i.e. diodes used in switching model simulations were characterized by a forward
voltage drop larger than zero. However, no attempts were made to accurately model real
diodes used in the actual generator set that is the object of this study. Therefore, all
results regarding relationships between diode losses and average model parameters need
to be interpreted from only the conceptual point of view, without attributing to them any

practical meaning relative to the actual studied system.

The average model’'s parametegs K, andk) were obtained based on switching
model simulations. Therefore, the average model contains information about diode
forward voltage drop and losses. That can be quantified if the diode rectifier input power

is expressed as

(4.21)

Whend and g axis voltages are substituted according to (4.13) and (4.14), and

currents according to (4.9) and (4.10), input power can be written as

_ COosQp . -~
Pn = kv—ii(pvdcldc :

(4.22)

The product of dc voltage and current in (4.22) can be recognized as output power

of the diode rectifier

pout = Vdcldc .

(4.23)

Therefore, efficiency of the diode rectifier can be expressed as
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n= h = _k‘/k‘ .
pin COSgD
(4.24)

This last expression relates efficiency of the diode rectifier directly to the
parameters of the generator/rectifier average model. Fig. 4.16 shows variation of the
exciter's and the main generator’s rectifier efficiency with load, when speed versus load
relationship is the one shown in Fig. 3.14. The main generator’s rectified output dc
voltage is kept at 800 V at any operating point, which makes the main generator’s diode
rectifier’'s output power proportional to the output current. At the same time, diode losses
are approximately proportional to the diode current. Consequently, the main generator’'s

rectifier efficiency does not change with load variations.
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Fig. 4.16. Diode rectifier’s efficiency variation with load.

The exciter's case is different. The exciter’s rectifier needs to provide variable dc
voltage for the main generator’s field winding. At low output power, this voltage is low

enough to decrease significantly the exciter’s diode rectifier’s efficiency.

Fig. 4.16 also allows for discussion, from a power balance point of view, the
legitimacy of the use of) k, andk; values relative to 50% load for any operating point.
(They were used in Section 4.3, when the average model was verified through

comparison with switching model simulation and measurements.) It can be seen that, for
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the main generator, rectifier efficiency at 50% load is practically equal to efficiency at
any other load; therefore, use @fk, andk; relative to 50% load does not introduce any
error, as far as power balance is concerned. For the exciter, however, efficiency at 50%
load is considerably different from efficiency at a lower or higher load. However, power
processed by the exciter is very small compared to the power processed by the main
generator. Consequently, it can be said that error introduced by the use of ‘wrong’ values
of exciter's ¢, k, andk; does not affect significantly the power balance of the whole

system.

The ideal case, (lossless diodes and no reactive components on either side of diode

rectifier) is characterized by=1, ¢=0, k, =3J2/m, k = mi(3J2), i.e.

(4.25)

which recalls the relationship characterizing an ideal transformer.

If the diode rectifier is losslesg#£1), but reactive components are present at both

sides of diode rectifierge0), (4.24) yields

k k. =cosp.
(4.26)

In this case, produgtk; can be interpreted as describing the reactive nature of source and

load impedances. When losses in the diode rectifier are negligibi@), such as in the

main generator's case, expression (4.26) can be considered alternative to (3.1) for

calculation ofg, oncek, andk; are calculated.

The real casenk 1, ¢>0) is described by

_ Co0sp
kk = P
(4.27)

which means that produd¢k; reflects both the reactive nature of source and load

impedances, and losses in the system.
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4.4.3.Use of the average model with different loads and sources

The average model's equations were developed based on the switching model
results obtained with resistive load at the main generator’s dc-link. Consequently, the
validity of the average model can be questioned if a different dc load (e.g., an inverter) is
applied, as in the practical system shown in Fig. 1.1. In order to justify the use of the
average model with such a dc load, it needs to be remembered that the average model’s
parametersd k, andk;) were obtained from the switching model steady state waveforms.

If the dc-link capacitor is large enough to provide the high-frequency current component

required by the inverter, there is no reason why the generator’s voltage and current steady
state waveforms should be different with the inverter dc load, as opposed to the resistive
dc load. Essentially, the main generator still has a dc voltage source connected to its

rectifier’s output, and the average model can still be considered valid.

The above justification of the use of the average model does not mean, however,
that the actual inverter can be approximated by a resistor. An inverter operating in closed
loop is a constant power load in the sense that, if the dc-link voltage rises for any reason,
the closed loop inverter will decrease its duty cycle, which will result in smaller current
being drawn from the dc-link. That, small-signal-wise, can be represented by a negative
resistor [22] or, less accurately but easier to apply to control design, a current source. A
dc current source connected to the dc-link provides the desired steady state operating
point, but does not introduce any damping at the output (damping does not exist with the
actual closed-loop inverter, but it would be introduced if the inverter were represented by
a resistor). Therefore, it can be expected that it will be more difficult to stabilize the

closed loop system with current source load than with resistive load.

The average model was developed for the case in which an independent
synchronous generator feeds a diode rectifier. However, it can be generalized to any case
in which a diode rectifier is fed by a three-phase voltage source with complex source
impedance,; it suffices to write equations of the particular voltage source of interest, and

transform them to thdq reference frame. The average model is then directly applicable.
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The model's strength, however, consists in taking into account the effects of the non-
ideal operation of the diode rectifier. Therefore, the use of the model is meaningful
primarily in cases in which the source’s impedance causes the rectifier's strongly non-

ideal operation.

4.5.Linearized average model

4.5.1.Linearization of model equations

The average model’s equations, presented in Section 4.2.2, are non-linear because
they contain products of variables, as well as trigopnometric functions. For some purposes,
such as control-loop design, it is necessary to study the linearized system. In many cases,
software used for simulation of the average model is capable of linearizing system
equations, after it determines the steady-state operating point. However, it is useful to
find analytically the linearized version of average model equations. That makes it
possible to easily simulate cases that would cause numerical problems in determining the
steady state operating point, as well as to find the linearized state space representation of
the system.

In this section, linearized versions of (4.8)-(4.11) (Set 1) and (4.16)-(4.18) (Set 1a)
of average model equations will be presented. Linearizing an equation around a certain
steady state operating point is equivalent to finding Taylor's expansion of the function
represented by that equation, and neglecting all terms other than the constant and the
linear term. The obtained linear expression is valid only for small perturbations around

the selected operating point.

In this and the following sections, the steady state value of an average variable
will be denoted aX, while X will stand for small perturbation of the same variable. With

these conventions, the following linearized version of (4.8)-(4.11) can be obtained:
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V. = kv, + kzvq +Kk;0 ,

i~(;:k4i~(;c-'-ksg1

Ty = Kolge +K,0

5 =KoV, + KoV, ,

where

k, =k, sinA,

k, = k,cosA,

k; =k, (V; cosA -V, sinh),

_sin(A+¢)
=

Ky

— IchOS(A+¢ )
_—k. ,

cos(A+¢ )

ks = K ,

_Idcsin(A+¢)

k, = ”
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(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)



CosA

= V, COSA +V, sinA
k= - sinA
V, COSA +V, sinA -

Linearization of (4.16)-(4.18) yields

Vie = GVy TGV,
lg = Cilge T CyVye T GVy +CgVy,

Iq = C7|dc + CSVdc + CQVd + ClOVq ’

where
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(4.39)

(4.40)

(4.412)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)



— _cos dc
CS Vdc ’
(4.48)
CG - ksinI dc ,
Vdc
(4.49)
— kcosv q - I(sinvd
Vdc ,
(4.50)
— | q
CS B Vdc ,
(4.51)
—__ ksinI dc
C9 Vdc ’
(4.52)
— kcosI dc
Cio = v,
(4.53)

4.5.2.Linearized state-space representation

The purpose of this section is to find a linear state space representation of the
system consisting of the exciter, main generator and a dc load. This is obtained by
combining the machine’s equations (2.6)-(2.12) with the linearized generator/rectifier
average model's equations, and an equation describing the dc load. This is an
algebraically tedious process that does not introduce any new concepts. Some readers,
therefore, may wish not to pay particular attention to sections 4.5.2.1 and 4.5.2.2, in

which algebraic manipulations are carried out, but to use results given in section 4.5.2.3.
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If the generator’s speed is constant and treated as a parameter of the system, (2.6)-
(2.12) are linear differential equations, and they can be rewritten for small perturbations
by simply adding a tilde to all currents and voltages. Since both the exciter's and the
main generator’'s equations will be treated in this section, index ‘e’ will be added to all
parameters and variables relative to the exciter, and index ‘a’ to all those relative to the
main generator, in order to be able to distinguish between them. For examplell R
stand for the armature resistance of the main generafonill stand for exciter’'sd axis

armature current, and so on.

4.5.2.1.Exciter’s equations

With the above conventions, the exciter’s equations can be written as

Ved = _&sled +we(LeIs + Lemq) qu a (LEIS * Lemd) dtd " Lemd dtfd ’
(4.54)
_— = i i i;
Veq = _Resleq - we(LeIs + Lemd) Ied + we Lemdlefd - (Lels + Lemq) d_tq ’
(4.55)
e Ay
Vg = Reglerg — Lemdd_td + (Leg + Lema) dtfd :
(4.56)

These equations obviously suggest use of the exciter’'s currents for state variables.

In equation (4.56)V.,, is considered to be the input to the system, which means that

(4.56) is already in a form suitable for obtaining linear state space representation. What

remains to be done is to expregg and V,, as linear functions of currents and their

derivatives, and to substitute the found expressions in (4.54) and (4.55). That can be

achieved by combining linearized equations of the generator/rectifier average model
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(4.28)-(4.31) with the exciter’s dc load equation. By substituting (4.31) into (4.28), (4.29)
and (4.30), we get

Veue = KiggVeq + k239veq7

(4.57)
i:d = k4i:dc + KoKaV,g + k5k9\7eq ,
(4.58)
i;q = kGi;dc + k7k8\7ed + k7 k9\7eq1
(4.59)
where
Kizg = K + Kok,
(4.60)
Kyzo = Ky + Kok
(4.61)

The exciter's dc load is represented by the main generator’s field winding, whose
equation is
_ ~ di, digg di,
V=Rl —L —9+(L,+L, )——+L akd
afd Rifd afd amd dt ( alfd amd) dt amd dt

(4.62)

The main generator’s field voltage in (4.62) is referred to the armature, but it is
related to the exciter’s rectified output voltage by means of the main generator’s field-to-

armature turns ratity as

Vi =1,V

al a‘edc"

(4.63)

Similarly, for currents

(4.64)
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When (4.62), (4.63) and (4.64) are combined, the following exciter’s load equation
is obtained:

T = Rafd r _ amd dl La”d +L amd dledc amd dlakd )
edc t 2 ‘edc t dt t 2 dt t dt

a a a a

<

(4.65)

It can be seen that (4.65) contains main generatibasis currents; that accounts
for dynamic coupling between the exciter and the main generator.

Now it is possible to find expressions fay, andv,, by eliminatingV,,, and o

edc

from the system of equations consisting of (4.57)-(4.59) and (4.65). That yields

~ ~

~ - dle ~ dla
Veq = legalea + Iedd d_td + redqleq edq dt kglae k9|ae « )
(4.66)
_ ~ di dla
Veq = reqdled +I eqd dtd + reqq eq eqq d k8| ae k8| ae « '
(4.67)
where
kdet = k4k7(k9k138 - kskzsg) + kske(kskzsg - k9k138)
(4.68)
s o
e
(4.69)
Rafd
239
logg =~ ,
B Kaet
(4.70)
— k7k9(LaIfd + Lamd)
e
(4.71)
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—— k5k9(|-alfd + Lamd)

- tazkdet ,
(4.72)
R,
KeKizs + k7Kg t%"
logg =~ &,
qd kdet
(4.73)
R,
k4kl38 + k5k8 ti;d
Mogg =~ a,
" Kget
(4.74)
| —_ k7k8(LaIfd + Lamd)
eqd — t de !
a et
(4.75)
— kSkS(LaIfd + Lamd)
. tazkdet ’
(4.76)
— k4k7 B k5k6
ae takdet amd ?
4.77)

The same process allows us to find the following expression for the main

generator’s field current:

Iafd = haedled + haeqleq’

(4.78)

where

- KiagKsKg —Kagok7Ks
takdet ,

h

aed

(4.79)
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— KasoksKs — KisehsKs _

aeq
takdet

(4.80)

Expressions (4.66) and (4.67) will be substituted into (4.54) and (4.55),
respectively, in order to obtain linear state space representation. Expression (4.78) allows
us to replace the main generator’s field current by a linear combination of the exciter's
armature currents; that eliminates the main generator’s field current as a state variable,

and reduces the order of the system by one.

4.5.2.2 Main generator’s equations

It is possible to proceed now with rewriting the main generator’s equations for
small perturbations. In doing so, the field winding equation is omitted, since it has
already been used as the exciter’s load equation, and the main generator’s field current is
substituted according to (4.78). That yields

| _ _ di,
Vag = “Ridag T (Lo * Lamq)laq W, Lamql akq (Las # Lama) d_td *
+ Lamd d(haediEd ’ Illeqieq) + Lamd diakd !
dt dt
(4.81)
Vaq = _Rasi aq - wa(Lals + Lamd)iad + wa Lamd(haedied + haeqj eq) +
_ i, di,
T W, Lamdlakd - (Lals + Lamq) d_tq + amq d:q ’
(4.82)
. dia d(me ie + hae 'e ) dia
0=Rydlas ~ Lama dtd * Lamg d (::it e *(Lata * Lame) d:d ’
(4.83)
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diyg
dt -

: di,
0 = RakqI akq amq d (Lalkq amq)
(4.84)

It can be seen that (4.83) and (4.84) are already in a convenient form for state space
representation. As in the exciter's case, it is necessary to find expressions which will
linearly relatev,, andV,, to state variables and their derivatives. Again, that can be done

by combining linearized equations of generator/rectifier average model (this time, (4.41)-

(4.43) will be used) with the main generator’s load equation.

It can be assumed at this point, and in accordance with the discussion in Section

4.4.3, that the main generator’s load is represented by a current sgyrde that case,

the main generator’s load equation is given by

~

dvq
adc ~ C di <+ IIoad

-~

(4.85)

If the above expression is used to eliminé;g from (4.42) and (4.43), the

following expressions are obtained fay, andV,,:

~

~ -~ Vg ~

Vad - raddlad *r adq aq haddcvadc Caddc 2c radI IIoad '
(4.86)

- dv., ~

V = raqdlad aqq aq haqdcvadc Caqdc dat <+ r.aql IIoad '
(4.87)

where
c = 1
det — ’
CsCio ~CoCy
(4.88)
Fadd = CaetCro+

(4.89)
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adq = _CdetCG ’

(4.90)
Ngae = Coer(CsCs —CaCio) »
(4.91)
Caddc = Cdet(C6C7 - C3C10)C '
(4.92)
Faai = Caer(CoCr ~ CsCip) »
(4.93)
r.aqd = _Cdetcg '
(4.94)
raqq = CdetCS ’
(4.95)
haqdc = Cdet(C4C9 - CSCB) '
(4.96)
Caqdc = Cdet(c3c9 - CSC7)C '
(4.97)
raql = Cdet(CSCQ - CSC7) .
(4.98)

In (4.86) and (4-87),E)ad needs to be treated as input to the system. These

expressions will be used to substitute for armature voltages in (4.81) and (4.82),

respectively.

4.5.2.3.State-space representation of the system

State-space representation of the system needs to have the following form:
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X=Ax+Bu,
(4.99)

where

(4.100)

is the vector of state variables, and

(4.101)

is the vector of system’s inputs.

In order to find matrice®A and B from (4.99), the system’s equations will be

written in the form

Ex=Fx+Gu.
(4.102)
After that, matriceg\ andB can be calculated as
A=EF,
(4.103)
B=E'G.
(4.104)

In order to obtain the form given by (4.102), for each state variable, an equation is

written in the following way:
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» For the exciter’s armatuikaxis current, by combining (4.54) and (4.66);
» For the exciter's armatuigaxis current, by combining (4.55) and (4.67);
» For the exciter’s field current, by using (4.56);

* For the main generator’'s armatudeaxis current, by combining (4.81) and
(4.86);

» For the main generator's armatugeaxis current, by combining (4.82) and
(4.87);

* For the main generatortsaxis damper winding current, by using (4.83);
* For the main generatortsaxis damper winding current, by using (4.84);
» For dc-link voltage, by combining (4.41) with (4.86) and (4.87).

When these eight equations are written in matrix form, the following magices
andG are gotten:

E}' (Lels + Lemd + ledd) - ledq Lemd k9| ae 0 - k9| ae 0 0 S
0 ~leqa =~ (Leis * Lemg ™ leqq) 0 ~Kel e 0 Kyl e 0 0 g
0 L 0 Ly * Lo 0 0 0 0 0 0
g=U LamdMaed LamdMaeq 0 = (Las + Lama) 0 Lama 0 ~ Cagacd
B 0 0 0 0 = (Las * Lamg) 0 Lamq = Cogac)
0 LomdMea Lamdhaeq 0 ~ Lamd 0 Laka * Lama 0 0 O
B 0 0 0 0 - Lamq 0 Lalkq + Lamq 0 B
g 0 0 0 0 0 0 0 & O
&s = ~(CCogac + CZCaqdc)
(4.105)
a Res * legq edq ™ We(Leis + Lemg) 0 0 0 0 0 00O
BatOlletLond Rt —Ghlong 0 0 0 o op
0 0 0 “Ry 0 0 0 o o0
g=0 0 0 0 Ras * Faad Tadg ~ Wa (Las + Lamg) 0 W lamg  Magae
S =W, LamdNaeq =W, amdNaeq 0 Taga ¥ Wa(Las * Lama) Ris tTagq ~ ;L 0 Magac 0
0 0 0 0 0 0 R, 0 0
B 0 0 0 0 0 0 Ry O B
| 0 0 0 fas fes 0 0 foe O
f30 = Cilaga T Colaga
fos = Ciladq T Colagq
fag = Clhagae + CoMygee —1
(4.106)
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radl
raql

0
0

C1rald| + CZraql

®
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IBLS GUE EIH LSS

O
O
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O
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O
O
O
O
O
B

(4.107)

If a resistive load were connected to the dc-link, equations which allow us to determine

matricesE, F andG can easily be modified by substituting

i — Vdc
load

(4.108)

whereR is the load resistance. In that case, the only input to the system is represented by

exciter’s field voltage.

If dc-link voltage is considered to be system’s output, the output equation can be

written in the form

V,,. =Cx+Du,

(4.109)
where
c=[o o o000 0 1,
(4.110)
D =[0].
(4.111)

4.5.3. Transfer functions

A linearized representation of the system allows to find system’s transfer functions.

For dc-link voltage controller design, it is necessary to have Bode pleis. 6%, (also
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referred to as control-to-output) transfer function. This transfer function can be found

from linearized state space representation as

Yage =C(sl —A)'B+D.

Vefd

(4.112)

However, it is almost always faster to plot this transfer function by directly
performing frequency-domain simulation of the system’s average model. Fig. 4.17 and

Fig. 4.18 show thus obtained Bode plots of magnitude and phasg, 6V, at two

different operating points. In both cases, dc load is represented by a current source.

100

5O+ - - - vt r——m - - - - T R

Magnitude (dB)

T N SRR
—3340 rpm, 105 kW
=2020 rpm, 15 kW
00T iR NN

-150 — — —
0.01 0.1 100 1000

1 10
Frequency (Hz)

Fig. 4.17. Magnitude of the exciter’s field voltage-to-dc-link voltage transfer function
with current source load, at two different operating points.
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Fig. 4.18. Phase of the exciter’s field voltage-to-dc-link voltage transfer function with
current source load, at two different operating points.

It can be seen from these figures that this system can hardly be approximated with a
first-, or even second-order transfer function. The phase, for example, reaches values well
below —-180° (which would be the minimum phase reached by a second-order transfer
function). These facts become even more obvious if the transfer function’s poles and
zeros are found numerically (from numerator and denominator of (4.112)). They are
listed in Table 4.2 for the operating point characterized by 3340 rpm and 105 kW current
source load. It will be seen in the following chapter that all frequencies below 100 Hz are
of interest for dc-link voltage control-loop design. It is clear from Table 4.2 that there are
six poles and three zeros in that frequency range. Therefore, accurate Bode plots of this
transfer function, obtainable with the use of the generator/rectifier average model, are
essential for dc-link voltage control design.

Fig. 4.17 and Fig. 4.18 show that both magnitude and phase of control-to-output
transfer function change as operating point changes. Since the load is represented by a
current source, which does not contribute to damping of the system, this dependence can
be attributed mainly to changes in generator speed, i.e. to the fact that the generator’'s
reactances increase proportionally to the speed. The question then arises, which operating

point to select as the basis for control-loop design. It can be argued that, at higher speed
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and load, magnitude of control-to-output transfer function is higher, and phase starts
decreasing sooner, than at lower speed and load. Therefore, the system seems to be ‘more
difficult’ to compensate at operating points corresponding to high speed and load.
However, it can also be seen from Fig. 4.18 that there is a frequency range (from
approximately 30 Hz to 130 Hz) in which phase of control-to-output transfer function is
lower at low speed and load than at high speed and load. It will be seen in the following
chapter that crossover frequency of the closed loop system will fall exactly in that range.

In spite of that, we will select the operating point corresponding to high speed and load as
the basis for dc-link voltage controller design. When the design is completed, operation
of closed loop system at low load and speed will be verified through transient simulation

and measurement.

Table 4.2. Poles and zeros \qf,./ V.., transfer function at 3340 rpm, 105 kW current
source load.

Poles (rad/s) Zeros (rad/d)

-0.2010 -28.27
-13.08 -470.6
-22.24+20.19j -551.3

-22.24-20.19) | -281.5+1489

-209.4+280.5]| -281.5+148%

-209.4-280.5j -2275
1059 -8.336-1Y
2732

It was mentioned in the introductory chapter that the generator (and inverter) was
designed for rated power of 150 kW. However, the engine (by which the generator was

driven) could only provide power somewhat higher than 100 kW. That is why 105 kW
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were selected as the maximum power of the system for control design purpose. The

corresponding speed was assumed to be 3340 rpm.

It was argued in Section 4.4.3 that current source load, as opposed to resistive load,
makes the system more difficult to stabilize in closed loop. Since the average model
allows us to find transfer functions with any kind of load, it is now possible to verify the
validity of that argument. For the sake of comparison, Fig. 4.19 and Fig. 4.20 show
magnitude and phase, respectively, of control-to-output transfer function at 3340 rpm,
105 kW, with current source load and resistive load. Table 4.3 lists poles and zeros of
control-to-output transfer function with resistive load. It can be seen that, with resistive
load, the lowest-frequency poles of the transfer function are at approximately two Hz, as
opposed to 0.03 Hz with current source load (Table 4.2). That makes the phase of
control-to-output transfer function with resistive load start decreasing at frequencies
higher than with the current source load. Also, the dc gain of the transfer function is
significantly lower with a resistive load. That is easily explained if it is remembered that,
with resistive load, an increase in the exciter’s field voltage by an amaastilts in an
increase, by an amougt in main generator’'s armature voltage. Since the dc load is
resistive, the main generator’s armature current will also increase (by an amount
approximately equal to/R)), increasing the voltage drop at the main generator’s
synchronous reactance. With current source load, however, the main generator’s armature
current is kept constant. Therefore, an increaseihythe exciter’s field voltage will not
result in an increased voltage drop at the main generator's synchronous reactance;
consequently, the main generator’s armature voltage will rise by an amount larggr than

This is seen as a larger magnitude of control-to-output transfer function.

Because of the two above listed reasons (higher dc gain and poles at lower
frequencies), current source load definitely makes the system more difficult to stabilize in
closed loop at frequencies up to approximately three Hz. After that frequency, there is
almost no difference between transfer functions with current source or resistive load (that
can also be seen by comparing poles and zeros in Table 4.2 and Table 4.3), and both are

equally difficult, or easy, to compensate.
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Fig. 4.19. Magnitude of the exciter’s field voltage-to-dc-link voltage transfer function at
3340 rpm, 105 kW, with different kinds of load.
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Fig. 4.20. Phase of the exciter’s field voltage-to-dc-link voltage transfer function at 3340
rpm, 105 kW, with different kinds of load.

Current source load, as opposed to resistive load, can therefore be adopted as a

more conservative option from a closed loop control design point of view. Consequently,

transfer function relative to a speed of 3340 rpm and a current source load of 105 kW will

represent a starting point for dc-link controller design, which is the matter of discussion

of the following chapter.
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Table 4.3. Poles and zeros @f,./ V.., transfer function at 3340 rpm, 105 kW resistive
load.

Poles (rad/s) Zeros (rad/d)

-8.906+10.25i -30.83
-8.906-10.25;] -500
-23.53+21.44] -802.3

-23.53-21.44j | -281.6+1771

-274.1+274.7)| -281.6+1777

-274.1-274.7] -2022
1140 -9.098-18
2632

Before concluding this chapter, let it note that the average generator/rectifier model
can provide any other system’s transfer function that may be of interest for a particular
application. One such example is the system’s output impedance, which will be a topic of
discussion in the following chapter. Two other examples are given in Fig. 4.21 and Fig.
4.22, which show Bode plots of the exciter’s field voltage-to-exciter’s field current and
the exciter’s field voltage-to-main generator’s field current transfer functions. These
transfer functions would be interesting if the objective were to implement some kind of
field current control. That was not the case in the system under our study, due to the
following reasons. The main generator’s field current is rotating with the shaft, and is
therefore not available for sensing. The exciter's field current is affected by a large
amount of ripple (visible in Fig. 4.5, Fig. 4.8 and Fig. 4.11), which should be filtered in
order to control the exciter field current’s average value. Filtering of that ripple would
introduce poles in the control-loop that would compromise the bandwidth of the closed

loop system.
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Fig. 4.21. The exciter’s field voltage-to-exciter’s field current transfer function at 3340
rpm, 105 kW current source load.

20 0
T —— = L . ) . . ) . . ) . )
101 - - - N T TN e e 20
O F - 1- - e NG N - -40
10 o B Y0
B 20 NN e
O >
z ‘ e ‘ e ‘ o ‘ e ‘ B 3
[}) , L . , L . , , . , L . , L , %]
80 N T N e - o -100 2
= o
c ' [N ' [N ' ' " ' [IANE ' [N 2
% O ) S e e e (e
50 + - - ——Magnitude |- - - - - -\ - - - - - - - - -4 - - -+ -140
604 - Phase | N - S aeo
TOp - N YT e
-80 : e e e i 1 200
0.01 0.1 100 1000

1 10
Frequency (Hz)

Fig. 4.22. The exciter’s field voltage-to-main generator’s field current transfer function
at 3340 rpm, 105 kW current source load.
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Chapter 5. Dc-Link Control-
Loop Design

5.1.Introduction

It has already been stated that two major advantages of the developed average
generator/rectifier model consist in savings in transient simulation time and the
possibility to perform frequency-domain analysis. The latter was of crucial importance
for the practical application that motivated this entire work, i.e. for control design of the
generator set shown in Fig. 1.1. It is our intention in this final chapter to show, in detall
manner, how the dc-link voltage control-loop compensator was designed based on the
control-to-output transfer function shown in Fig. 4.17 and Fig. 4.18 and repeated, for
convenience, in Fig. 5.1. Apart from representing a good example of practical usefulness
of the developed model, this chapter will supply additional proofs of the model’s validity

through comparison of closed-loop transient simulation and measurement results.

Block diagram of the closed loop system drawn for small signal analysis is shown
in Fig. 5.2. In Fig. 5.2G(s) represents the exciter's field voltage-to-dc-link voltage

transfer functionp represents the gain of the dc-link voltage senligs) stands for
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dynamic compensator’s transfer functiav, for modulator’s gain, and/y for input
voltage of the buck dc-to-dc power supply used to provide the exciter’s field voltage.
Regarding signals’ notation,,, and v,,. have already been introduced, while stands
for dc-link voltage sensed signal, for voltage signal input to the modulator, addfor

the buck converter’s duty cycle.
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% 204+ - - - e - R e P Ny - - e 12150 3
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-140 — : — — : — — 1350
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Fig. 5.1. The exciter’s field voltage-to-dc-link voltage transfer function at 3340 rpm and
105 kW current source load.
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Fig. 5.2. Small-signal block diagram of the closed-loop system.

Stability and performance of the closed loop system can be expressed in terms of
system’s loop gainl(s) which, as indicated in Fig. 5.2, is the product of all blocks

forming the loop, i.e.
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T(s) =G(s) pH(s)MV, .
(5.1)

Sensor gaip, modulator gairM and voltage/y are constants which follow from a

particular choice of hardware components. In this application, they had the following

values:
» p=0.005;
* M=0.56;
. V=48 V.

With these parameters fixed, loop gain is shaped by selecting appropriate gain,
poles and zeros of the compensator’s transfer funéfigh Stability and performance
criteria, such as phase margin and crossover frequency, can be read directly from Bode
plots of the system’s loop gain. In this particular application, no specifications were
defined regarding these criteria. That means that any stable dc-link voltage control-loop
is acceptable, as long as it enables the inverter to operate according to its own
requirements. The first attempt in compensator design was made, therefore, with a simple
Pl compensator. For reasons which will be discussed in the following sections, the
system’s operation with that compensator was found to be unsatisfactory, and a more
complex compensator, consisting of three zeros and five poles, needed to be designed and

implemented.

5.2.Pl compensator

5.2.1.Design

The Pl compensator is the simplest compensator that provides zero steady state

error, due to its pole in the origin. The compensator’s transfer function is
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>
H(s)=k—"z.
S

(5.2)

Standard analog realization of this transfer function is shown in Fig. 5.3. After one
component’s value, say.Cis chosen, the other two can be calculated from the

compensator’s pole and zero as

Rl = i ,
kC,
(5.3)
R, = 1
wZCZ
(5.4)

Fig. 5.3. Analog realization of a Pl compensator.

Zero atw;, has the role of compensating for the 90° phase lag introduced by the pole
in the origin. It can be seen from Fig. 5.1 that the zero needs to be placed between 0.1 Hz
and 1 Hz in order to have the desired phase-boosting effect. After the zero is placed, gain

k can be adjusted in order to have stable system with the acceptable phase margin.

With zero placed at 1 Hz, and the compensator’s gain of 1.25, the loop gain shown
in Fig. 5.4 is obtained. It is characterized by a crossover frequency of 1 Hz and a phase
margin of approximately 25°. A higher phase margin would have been preferred, but the

crossover frequency would have become unacceptably low in that case.
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Fig. 5.4. Loop gain with Pl compensator (3340 rpm, 105 kW current source load).

5.2.2.0Operation with resistive dc load

After the Pl compensator was implemented as shown in Fig. 5.3, operation of the
system was tested with a resistive load connected to main generator’s dc-link. The power
level at which testing was done was significantly lower than the rated power of the
system, because of the unavailability of a dc load with appropriate voltage and power
rating. The buck converter’s input voltayg was also reduced, compared to the design

value of 48 V.

Fig. 5.5-Fig. 5.8 show average model simulation and measurement results relative
to resistive load step and two different speeds. Dc-link voltage is regulated at 400 V, and
the load is switched from 19.2 kW to 12.8 kW in both cases. Transient response is always
stable, but is characterized by large overshoot and settling time, due to poor bandwidth. It
can also be noticed that average model simulation results match well with measurement
results, which is another confirmation of the average model’s validity. Average model
simulation results can actually be considered somewhat conservative, since they predict

values of overshoot and settling time slightly larger than their measured values.
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Fig. 5.5. Average model simulation: dc-link voltage and the exciter’s field current at
resistive load step from 8@Q to 12.5Q (n=2000 rpm, ¥=25 V).
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Fig. 5.6. Measurement: dc-link voltage and the exciter’s field current at resistive load
step from 8.32to 12.5Q (n=2000 rpm, ¥=25 V).
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Fig. 5.7. Average model simulation: dc-link voltage and the exciter’s field current at
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5.2.3.0peration with inverter load and instability problem

After testing with resistive dc load, testing the closed loop system with inverter
connected to the dc-link was attempted. When that was done, instability occurred in the
form of oscillations of the dc-link voltage. This instability is due to the nature of the
inverter load, and can be explained in terms of the generator’s output impedance and the

inverter’s input impedance [22], [23].

A regulated inverter (i.e. an inverter operating in closed voltage loop) behaves like
a constant power load which, from the small-signal point of view, can be modeled as a
negative resistor, characterized by a phase of -180°. If such a load is connected to a non-
ideal voltage source, as shown in Fig. 5.9, it can be shown that the system will be stable if
[Zal <|2.2] -
(5.5)

Otherwise, there may be instability in the cascaded system, depending on the phase of the
ratio Zyi/Zjp.

Non-ideal Constant

voltage source ; | |_> power load

| I
Zy, Z,

Fig. 5.9. lllustration for instability problem.

Fig. 5.10 shows the generator’s output impedance (‘seen’ from the dc-link,
therefore including the dc-link capacitor) in open and closed loop. It can be seen that, at
frequencies up to the crossover frequency, closing the loop reduces the magnitude of the
generator's output impedance by a factor approximately equal to the loop gain
magnitude. Around the crossover frequency, there is a certain peaking in closed loop
output impedance due to the small phase margin, which makes it somewhat higher than
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the open loop output impedance. At frequencies significantly higher than the crossover

frequency, closing the loop has no effect on the output impedance.
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Fig. 5.10. Magnitude of the generator’s output impedance (in open and closed loop) and
the inverter’s input impedance (3340 rpm, 105 kW current source load).

Fig. 5.10 also shows input impedance of the inverter operating in closed voltage
loop at 105 kW output power level. It can be seen that the inverter’s input impedance
intersects with the generator’s closed-loop output impedance. Therefore, instability is

present in the system.

A solution to the instability problem consists in increasing the bandwidth of the dc-
link voltage loop. It can be predicted from the generator’s open-loop output impedance
plot in Fig. 5.10 that, if the dc-link voltage control-loop’s crossover frequency were
between ten Hz and 100 Hz, the generator’s closed loop output impedance would have its
peak between zero dB and ten dB, and would not intersect with the inverter’'s input

impedance. That would stabilize the overall system.

With the above discussion in mind, the new control goal becomes to design a dc-
link voltage loop compensator that would provide a crossover frequency large enough to
make the generator’s closed-loop output impedance smaller, at all frequencies, than the

inverter’'s input impedance.
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5.3.Multiple-pole, multiple-zero compensators

5.3.1.Design

It can be seen from Fig. 5.1 that the phase of control-to-output transfer function is
the main cause of difficulties in achieving high crossover frequency. At 30 Hz (which is
approximately the frequency at which crossover is desired), the phase of control-to-
output transfer function is -270°. An additional phase lag of 90° will be introduced by the
compensator’'s pole in the origin, necessary to have zero steady state error. That would
cause the loop gain’s phase to be -360° at the desired crossover frequency. In order to
stabilize the system, three zeros are needed in the compensator’s transfer function at
frequencies lower than the desired crossover. For the compensator to be a causal system,
there have to be at least as many poles as zeros in the compensator’s transfer function;
practical considerations, however, suggest that there be one more pole than zero, in order
to attenuate the high-frequency noise that may appear at the compensator’s input. That
finally results in a four-pole, three zero compensator. Poles (other than the one in origin)
need to be placed at frequencies as high as possible, in order to affect the loop gain’s
phase as little as possible below the crossover frequency. Zeros are placed between one
Hz and ten Hz by following a trial-and-error procedure, in order to obtain a loop gain’s
magnitude that decreases steadily with a slope of approximately 20 dB/decade, and a

phase which stays well above -180° up to the crossover frequency.

The simulation showed very good results with three compensator poles placed at 1
kHz, zeros at 1.5 Hz, 2 Hz and 10 Hz, and a gain of 584. The corresponding loop gain is
shown in Fig. 5.11, and the generator’s closed loop output impedance (together with the
inverter's input impedance) in Fig. 5.12. It can be seen that crossover frequency is 100
Hz, with a phase margin of about 15 degrees. Such a low phase margin is acceptable
because the loop gain’s phase, right after the crossover, reaches a minimum of -167° and

then rises again. It eventually reaches -180° at a frequency higher than one kHz. Actually,
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if only the phase of the loop gain had been considered, crossover frequency could have
been extended above 100 Hz. However, that would not have had the desired effect on the
control-loop because of the shape of the loop gain’s magnitude in the range of 200 Hz-1
kHz. As it is known, the control-loop is effective only as long as the loop gain’s

magnitude is much larger than one; that would not have been the case in the 200 Hz-1

kHz range with the magnitude shaped as in Fig. 5.11.
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Fig. 5.11. Loop gain with four-pole, three-zero compensator (3340 rpm, 105 kW current
source load).

It can be seen from Fig. 5.12 that, with a four-pole, three-zero compensator, the
generator’s closed loop output impedance always stays well below the inverter’s input
impedance. It could have been expected, therefore, that this compensator would have

solved the instability problem.

An analog four-pole, three-zero compensator was implemented using three stages
(three compensated operational amplifiers) connected in cascade. The first stage had a
gain of one, one pole at one kHz and one zero at ten Hz; the second stage had a gain also
equal to one, pole at one kHz and zero at two Hz; finally, the third stage had a gain of
584, one pole in the origin, one at one kHz, and one zero at 1.5 Hz. When tested, this
compensator revealed itself to be extremely sensitive to noise. The reason for that was the
fact that the first two stages, having one pole and one zero only, also had high, flat gain at
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high frequencies, thus amplifying any noise that would appear at the compensator’s input.
The noise problems were serious enough to compromise entirely the operation of the
closed loop system.
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Fig. 5.12. Generator’s closed loop output impedance with four-pole, three zero
compensator (3340 rpm, 105 kW current source load).

In order to solve the noise-related problems, implementation of the compensator,
and even the compensator itself, had to be changed. Instead of three stages, a two-stage
approach was tried. The first stage had gain of one, one zero and two poles, so that its
gain decreases at high frequencies. The second stage had two zeros and three poles (of
which one was in the origin). Therefore, one pole was added to the compensator to
reduce the high-frequency gain of the first stage. That resulted in a three-zero, five-pole
compensator. All poles that previously used to be at one kHz, had to be shifted at lower
frequencies, in order to decrease high-frequency gain of both stages. After several
attempts, it was found by trial-and-error that pole frequencies of 150 Hz, 150 Hz, 250 Hz
and 500 Hz made the noise effects tolerable. Frequencies at which compensator zeros
were placed remained unchanged. The highest-frequency zero (ten Hz) and lowest
frequency pole (150 Hz) were attributed to the first stage, in order to keep its gain as low
as possible at all frequencies. Decreasing pole frequencies required a decrease by a factor

of five (117 instead of 584) in the compensator’s gain (attributed entirely to the second
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stage), in order to keep the system stable. Fig. 5.13 compares magnitudes of the four-pole
three-zero and five-pole, three-zero compensator’s transfer functions. Note how much the
five-pole, three-zero compensator reduces the magnitude above 200 Hz, where the
frequency of the dc-link voltage ripple (240 Hz-798 Hz) and the inverter switching
frequency (4 kHz) lie.
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Fig. 5.13. Multiple-pole, multiple-zero compensators’ transfer function’s magnitudes.

The five-pole, three-zero compensator resulted in a somewhat lower crossover
frequency (40 Hz), as shown in Fig. 5.14. It can be seen that the phase characteristic at
frequencies above ten Hz was heavily influenced by moving compensator’s poles to
frequencies lower than one kHz, so that the phase actually reaches -180° soon after the

crossover, leaving the phase margin of only about 20°.

In spite of a somewhat lower crossover frequency compared to a four-pole, three-
zero compensator, the generator’s closed-loop output impedance is still lower than the
inverter's input impedance, as Fig. 5.15 shows. It can therefore be expected that

operation with the inverter connected to the dc-link will be stable.
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Fig. 5.14. Loop gain with five-pole, three-zero compensator (3340 rpm, 105 kKW current
source load).
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compensator (3340 rpm, 105 kW current source load).
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An analog five-pole, three-zero compensator, having the transfer function
i babid
w
) — ka wza
+ + S +
wpal wpaz

was implemented with the circuit shown in Fig. 5.16.

(5.6)

C ¥
ad
11
R. Ca1 /\/
P | B =
aref - bl bl
I_ b2 Cb2
Vouta
+ -
Raz Vout
Vin Rb3

Vbref
Fig. 5.16. Analog realization of a five-pole, three-zero compensator.

After one component value for each stage, sgyaRd R, is chosen arbitrarily,

others can be calculated from the transfer function’s parameters as follows:

Cum—
za' ‘a2
(5.7)
Ral = l ’
wpalcal
(5.8)
Ra3 = kaRaZ’
(5.9)
Cu= 1 )
wpaZRa3
(5.10)
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C = [
. wprR bl
(5.11)
1
Rys = )
Wy, ,Crs
(5.12)
1
Cpo = ,
RysKp
(5.13)
1
Ry, = )
wzbleZ
(5.14)
1
Cos =
wpblR b2
(5.15)

For (5.10)-(5.14) to be valid, it needs to bgX>C 3z and Rz>>R 1.

5.3.2.0Operation with resistive dc load

The five-pole, three-zero compensator was first tested with a resistive dc load. The
same transients presented in Section 5.2.2 for a Pl compensator were simulated and
measured with a five-pole, three-zero compensator. The results are shown in Fig. 5.17-
Fig. 5.20. The time scale in these figures is the same as in Fig. 5.5-Fig. 5.8, relative to the
Pl compensator. It can be seen that the increased control-loop’s bandwidth results in

dramatically decreased overshoot and settling time.

Fig. 5.21-Fig. 5.24 show resistive load step of the same magnitude as the one
shown in Fig. 5.17-Fig. 5.20, but of the opposite sign. Time scale is also more detailed, in

order to highlight the close matching of simulated and measured results.
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Fig. 5.17. Average model simulation: the dc-link voltage and exciter’s field current for a
resistive load step from 8@Q to 12.5Q (n=2000 rpm, ¥=25 V).
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Fig. 5.18. Measurement: the dc-link voltage and exciter’s field current for a resistive
load step from 8.82 to 12.5Q (n=2000 rpm, ¥=25 V).
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Fig. 5.19. Average model simulation: the dc-link voltage and exciter’s field current for a
resistive load step from 8@ to 12.5Q (n=3800 rpm, ¥=15 V).

0A
200,000 ms 800,000 ms 1,80000 =5
200 msidiv realtime

Fig. 5.20. Measurement: the dc-link voltage and exciter’s field current for a resistive
load step from 8.82 to 12.5Q (n=3800 rpm, ¥=15 V).
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Fig. 5.21. Average model simulation: the dc-link voltage and exciter’s field current for a
resistive load step from 123 to 8.3Q (n=2000 rpm, ¥=25 V).
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Fig. 5.22. Measurement: the dc-link voltage and exciter’s field current for a resistive
load step from 12.82 to 8.3Q (n=2000 rpm, ¥=25 V).

109



5007 -~ -t e T 14
400 Pr————~— 12
300”””””j—DcIinkvoItage 77777777777777777 11

200 + |~ Exciter's field current tos8

Dc link voltage (V)
(V) 3uaaana pay s,19319x3

A0 R R 102

-200 | | | | | | | | : 0
0O 002 004 006 008 01 012 014 016 018 02
Time (s)
Fig. 5.23. Average model simulation: the dc-link voltage and exciter’s field current for a
resistive load step from 123 to 8.3Q (n=3800 rpm, ¥=15 V).
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Fig. 5.24. Measurement: the dc-link voltage and exciter’s field current for a resistive
load step from 12.82 to 8.3Q (n=3800 rpm, ¥=15 V).
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5.3.3.0Operation with inverter load

After the testing with a resistive load showed stable operation, fast transient

response and good matching of simulated and measured results, a five-pole, three zero

compensator was tested with the inverter connected to the dc-link. No instability was

detected in the system.

Fig. 5.25 and Fig. 5.26 show the dc-link voltage and exciter’s field current during

the transient caused by stepping the inverter’s resistive three-phase load from 12.8 kW to

18.8 kW. Due to the lack of damping at the dc-link, the response is slightly more

oscillatory than with resistive load; overshoot in dc-link voltage is, nevertheless, very

small.

It can be concluded, therefore, that a five-pole, three-zero compensator satisfies the

requirements regarding the system’s stability and the generator's output impedance

damping.
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Fig. 5.25. Measurement: the dc-link voltage and exciter’s field current at step in the
inverter’s resistive three-phase load from 18.8 kW to 12.8 kW (n=3000 g6 V).
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Fig. 5.26. Measurement: the dc-link voltage and exciter’s field current at step in the
inverter’s resistive three-phase load from 12.8 kW to 18.8 kW (n=3800 36 V).
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Chapter 6. Conclusions

When a diode rectifier is supplied from a three-phase voltage source with large
internal impedance and/or is loaded with a reactive dc load, its operation cannot be
described with equations derived analytically assuming instantaneous commutations of
diodes. An example of a source which can cause extremely non-ideal operation of the
rectifier is a variable-speed stand-by synchronous generator, characterized by an
extremely large value of synchronous impedance as a consequence of variable-speed
design. This thesis presents an attempt to develop a simplified model of the system
consisting of a synchronous generator with large internal impedance feeding a diode
rectifier with a reactive dc load. The results obtained, however, go beyond this particular
application, and can be applied to any case in which the source’s impedance significantly

affects operation of the diode rectifier.

The basis for the development of the simplified, average generator/rectifier model
consists of the study of the generator’'s ac waveforms affected by the non-ideal operation
of the diode bridge and reactive nature of the dc load. This study is carried out through
analysis of the switching model of the system. It can be concluded from such analysis
that there exists a phase shift between the fundamental harmonics of the generator’s
voltage and current. In the ideal case, when commutations of the rectifier's diodes are
instantaneous, this phase shift is equal to zero. Also, average values of dc current and
voltage at the rectifier's output are found to be different than in the ideal case. The

amount of phase shift and discrepancies in average values of the dc variables depend on
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the parameters of the three-phase source (in the studied case, the synchronous generator),
and the nature of the dc load (capacitive or inductive). They affect both transient and
steady state operation of the system, and need to be taken into account when, for

example, the system’s control-loops are designed.

The developed average model of the diode rectifier relies on the assumption that
fundamental harmonic of ac variables and average value of dc variables are of primary
importance for the system’s operation, as far as power transfer and dynamic behavior is
concerned. This assumption is true in most practical applications, due to the primarily
inductive character of the source’s impedance and presence of a filter at rectifier’s output.
The developed model allows us to relate the dynamics of the three-phase source
connected to the rectifier’s input, to dynamics of the reactive dc load at rectifier’'s output.
In doing so, the non-ideal operation of the rectifier is taken into account by means of
three constants obtained from the switching model. These three constants model the
diode rectifier in an average sense, i.e. they make it possible to establish a relationship
between fundamental harmonics of ac voltage and current at the rectifier's input to
average values of dc voltage and current at the rectifier's output. The dependence of these
constants on the operating point is not highly pronounced, which results in the model’s
validity for both steady state and transient operation. This is verified to be true through
comparison of the average model simulation results with switching model simulation
results and measurement results, for both open- and closed-loop operation and different

operating points.

The way the average model is implemented takes into account losses in the diode
rectifier, and allows us to relate these losses directly to the average model’'s parameters. If
diode losses are negligible, it can be shown that there are only two independent average

model's parameters, from which the third one can be computed.

The main advantages of the average model, as opposed to the switching model, are
savings in computational time when time-domain simulations are performed, and the
possibility to perform frequency-domain analysis of the system. The latter is the result of
the average model's equations’ being time-continuous and, therefore, easy to linearize.

From linearized equations, it is possible to obtain state-space representation and transfer
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functions of the system. In the studied case, practical interest was focused on the exciter’s
field voltage-to-dc-link voltage transfer function, which represents the system’s control-
to-output transfer function. Dependence of this transfer function on the operating point
and nature of dc load was discussed from the point of view of dc-link voltage control-

loop design.

Design of this control-loop is a good example of a practical application of the
developed model. Control-to-output transfer function, obtained with the average
generator/rectifier model, shows that the actual order of the system in this case is such
that the often-used, first-order generator model cannot be applied. That is particularly true
if a high-order (five pole, three-zero) dynamic compensator needs to be designed in order
to stabilize the cascaded generator-rectifier-inverter system, affected by instability due to
poor matching of output and input impedances of different parts of the system. In such a
design, the system’s dynamic response needs to be known, in a detailed manner, at
frequencies much higher than the frequency corresponding to the transfer function’s
dominant pole. The developed average generator/rectifier model represents a unique and

indispensable means to study and solve this and similar problems.
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