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Abstract—This work deals with the modeling and
parametric identification of a turbine-generator emu-
lator. This experimental emulator consists of a DC
motor- AC generator set. Nonlinear and linearized
dynamic models are derived for the composed system.
By utilizing the structure defined by the linear model
and a predictor-error algorithm the parametric iden-
tification is accomplished. The methodology is per-
formed on an experimental set-up. Several custom-
made power, analog and digital electronics designs are
employed for the acquisition of the transient experi-
mental data.

1 Introduction

This paper presents the modeling and parametric identi-
fication of a motor-generator set. Our aim is to obtain
a model including the corresponding parameters for ex-
perimental research in power systems. The long term
objective would be to have a turbine-generator emulator
as an experimental tool for studying the transient behav-
ior of a power system when small disturbances appear.
The electric machines involved in this turbine-generator
emulator are a shunt connected DC motor and a 3-phase
salient-pole synchronous generator.

One of the contributions of this work is that nonlinear
and linearized dynamic models are derived. These mod-
els describe the steady state and transient behavior of
the augmented (motor-generator) dynamic system. Once
that these models are known, the structure and the order
of the linearized dynamic model are used as a base for
the predictor-error algorithm to identify the parameters.
It is clear that our approach is based on a time-domain
model. Another contribution of this work is the design of
several custom-made power, analog and digital electron-
ics circuits that are employed for the acquisition of the
transient experimental data. In other words, the method-
ology is tested in a experimental set up.
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Av. 1lo Mayo S/N Col. Los Mangos Ciudad Madero, Mexico
(email contact salascabrera@itcm.edu.mx). This work was sup-
ported in part by the Instituto Tecnologico de Cd. Madero and
the Fondo Mixto de Fomento a la Investigacion Cientifica y Tecno-
logica COTACyT-Gobierno del Estado de Tamaulipas.

Once that the experimental data is obtained a complex
off-line processing is carried out. For example, a nonlin-
ear mapping is employed to transform the original ma-
chine variables to variables in the rotor reference frame.
This mapping is actually calculated by using the exper-
imental dynamic values corresponding to the rotor posi-
tion.

A brief review of the literature follows. The estimation of
parameters of synchronous generators has been always an
important topic since its relevance in steady state and dy-
namic studies. There are plenty of contributions regard-
ing the modeling and parametric identification of these
electric machines. For example, there are contributions
that deal with different techniques to measure the exper-
imental variables. There are also different identification
schemes for a variety of models. Some online estimation
techniques are presented in [1] [2] and [3]. Contribution
in [4] provides an excellent review of parameters estima-
tion and dynamic model identification of the synchronous
generator. In [5], an identification method is presented;
it is applied to a seventh order model that includes the ef-
fect of saturation. Methods based on state space models
for identification of parameters have been also proposed.
In [6], a continuous state space model is transformed to
its discrete state space form to obtain a set of equations
that allow the authors to calculate the parameters of the
generator. An identification procedure for estimating the
parameters of a synchronous machine in the time and fre-
quency domains is presented in [7]. In [§], fundamental
equations of the synchronous machine are used to obtain
a state space model to analyze the interaction of different
areas of generation in an interconnected system.

The above contributions are normally associated with a
particular electric machine, i.e. the synchronous gen-
erator. In contrast, our modeling deals with the aug-
mented (motor-generator) dynamic system. In addition,
our work presents data that are obtained by using an ex-
perimental set-up that includes the effects related to the
power electronics converter. This is important since the
long term objective of this work is to have an emulator
that will include a state feedback and an actuator as the
one mentioned above.
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2 Modeling
2.1 DC Motor

Consider the following voltage equations that describe the
transient and steady state behavior of a shunt connected
DC motor [9]

Va ==

7qaia + Laa pia + Lafwrif (1)
Vg =

retp+ Ly piy
the electromagnetic torque of the DC motor is given by
Ter = Lafifia (2)

rotor speed and torque are related by the following ex-
pression
T = J1 pw.+ Ty, (3)

Standard notation is employed in this part of our work
[9] -

2.2 Synchronous Generator

In order to define an adequate dynamic model for the
synchronous generator a change of coordinates is neces-
sary. The well known reference frame theory provides the
basis necessary to obtain a dynamic model that does not
include any time-varying coefficient [9]. Since the circuits
of the rotor are normally unsymmetrical we will be using
the rotor reference frame [9]. Variables associated with
the stator of the generator can be transformed from the
original coordinates (machine variables) to variables in
the rotor arbitrary reference frame, i.e.

Fys| _
Fds -
4
2 [cost, cos (0, — %) cos (6, + %) Fos] (4)
3 ) 3 2?;" ; 2?;7 Fis
3 |sinb, sin (0, — 3F) sin (0, + 3F) o

where F' may represent voltage, current or flux linkages.
We employ the standard notation presented in [9] except-
ing that we have omitted the superindex r for simplifying
purposes. That superindex is normally associated with
the variables in the rotor reference frame. The mechan-
ical rotor position is denoted by 6,. Let us consider the
voltage equations in the rotor reference frame for the sta-
tor of a pole-salient synchronous generator [9]

Vgs = *Tsiqs + wpAgs + p)\qs (5)
Vds = _Tsids - wr>\qs + p/\ds

If the electric load at the generator terminals is a 3-phase
symmetrical resistive circuit, then expression (5) now be-
comes

TLigs = —Tsigs + Wy Ads + p/\qs
rLids == *T'sids - wr)\qs + p/\ds (6)
Vfd = Trdifd+ PAfa

where the expression that represents the behavior of the
field winding has been included; r;, denotes the load re-
sistance. The flux linkages may be written as [9]

/\qs _iqs (Lls + Lmq)
Ms | = | —tas(Lis + Lima) + ifaLlima (7)
Afd —tasLma +ifa(Lifa + Lma)

It is easy to show that the currents can be expressed as
a function of the flux linkages, this is

iqs _/\qS/<Lls —+ Lmq)
igs | = | —Ads(Lifd + Lma)/ A+ ApaLma/A (8)
ifq —AdsLma/A + Apa(Lis + Lina) /A
where
A=LiLifq+ LisLma + LmaLita 9)

the electromagnetic torque of the synchronous generator
in terms of the currents in the rotor reference frame is

3 P . SN oo
Te2 = (2> <2> |:Lmd (_st + Zfd) lgqs + Lmqlqslds:|
(10)
using (8) it is possible to obtain a new expression for the
electromagnetic torque of the synchronous generator

3\ (P Lifq + Lina 1
Teo=1|= — | | AgsAds
? (2) (2> asd ( A +Lls+Lmq>
Lmd
_)\qs)\de (11)

the torque-rotor speed relationship is defined by the fol-
lowing expression

2
Tea = —Jo (P) pw, + T, (12)

2.3 Nonlinear model of the mechanical cou-
pled system

In order to establish the mathematical model of the
motor-generator set, an equation that defines the inter-
action between both subsystems is required. Since both
electrical machines rotate at the same speed only one
state equation for the rotor speed is necessary. It is clear
that the load torque of the DC motor is the input (load)
torque of the synchronous generator. Using (3) and (12)
we obtain

2
Te1 — J1 pw, =Teo + = J2 pw, (13)

P
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Substituting (8) into (6) and using (1), (6) and (13) the
following nonlinear dynamic model can be obtained
PAgs = (15 +71)Ngs/ (Lis + Limg) — wrAas
PAas = WrAgs + (s +70) [ — (Lifa + Lina)Aas/A+
+ LmdaAsa/Al

PAfd = TgaLlmaras /N — 1ra(Lis + Lima)Aga/ A+ vgq

Pla = —Tqla/Laa — Lafwrif/Laq + Vo/Laa

piy = —ryig/Ls +va/ Ly

pwy = P(Te1 — Te2)/(2J2 + PJ1)

(14)
Vgs = —T1Ags/(Lis + Ling)
vas = —TL(Lifd + Limg)Ads/ A + 7L LindApa/A
Wy
where T.1, A and T,y are defined in (2), (9) and (11)
respectively. It is clear that expression (14) is the state

equation and (15) is the output equation. The following
remarks are in order:

(15)

Remarks

e Some of the experimental variables to be measured
are the 3-phase instantaneous voltages (original vari-
ables) at the terminals of the generator, that is
[Vas Vbs Ves]T. Then the electrical outputs (vgs and
vgs in (15)) defined in the rotor reference frame can
be calculated by using a particular case of expression

(4)-

e The experimental synchronous generator that is em-
ployed in this work does not have any damper wind-
ing. This is the reason for not including any state
equation associated with those windings.

e Since the 3-phase voltages at the terminals of the
generator are balanced the Os voltage (vgs) is zero Vt.
This is the reason for not including any 0s equation
and/or variable.

e The external resistive circuit that is connected at
the terminals of the generator is considered to have
parameters that are known. Additionally, it is clear
that a resistive circuit does not increase the order of
the system to be tested.

2.4 Linearized system

The dynamic model presented in (14) and (15) can be
linearized by using the Taylor’s expansion about an equi-
librium point. It is important to note that during steady
state conditions the machine variables (original state
variables) of the DC motor are normally constants. In
contrast, during steady state conditions the stator ma-
chine variables (original stator state variables) of the syn-
chronous generator consist of a balanced 3-phase sinu-
soidal set. Transforming the machine variables of the

generator to the rotor reference frame allows us to obtain
an augmented model (motor-generator set) that has an
equilibrium point instead of having a state vector contain-
ing periodic solutions during steady state conditions. The
existence of the equilibrium point is a basic requirement
for our linearization process. The linearized dynamic sys-
tem follows.

pAxr = AAx + BAu

16
Ay = CAzx + EAu (16)

where Az = [AXgs Adgs Adpg Aig Aiy Aw, T is state
vector, Ay = [Avgs Avgs Aw,]T is the measurable out-
put, Au = [Av, Avgg]” is the input and

A:[Al Ay A5 Ay As AG]

(rs +re)/(Lis + Lig)

Wro
0
A = 0
0
kika (—k3Aaso + LmaArdo/N)
—Wro
—(rs +ro)(Lifa + Lina) /A
Ay = deL(v)nd/A
0
—k1kaksAgso
0 0
(rs + 1) Lma/A 0
_ _de(Lls + Lmd)/A . — 0
A3 - 0 I A4 - 77’a/Laa
0 0
k1k2Lmd)\q50/A k’lLaf’ifO
0 —Adso
0 Agso
0 0
° _LafwTO/Laa 6 _LafoO/Laa
—ry/ Ly 0
k1Lafiao 0
0 0
0 0
0 1
B =11/l ©
1/Lff 0
0 0
C=[0r G
—rr/(Lis + Lmq) 0
i = 0 *TL(Llfd‘i’Lmq)/A
0 0
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Figure 1: Block diagram of the experimental setup

0 0 0 O
Cy = |riLma/A 0 0 0
0 0 0 1
E=0
where
k‘lzp/(le—‘rQJg) ; ]{?2:3P/4

ks = (Llfd + Lmd)/A + 1/(‘[’15 + Lmq)

and 2o = [Agso Adso Afdo Ga0 40 wro]? is the equilibrium
point where the linearization was performed.

3 Experimental Setup

Important components of the experimental system are
a personal computer, a National Instruments AT-MIO-
16E-10 data acquisition card, NI Labview software, two
custom made PWM-based power electronics converters,
an incremental encoder [10], a custom made microcon-
troller based design for defining several random sequences
and signal conditioning circuits for measuring several
variables. A block diagram of the experimental setup
is shown in Fig. 1. To identify parameters in (16) an ex-
perimental test is carried out. Basically, the experimental
test consists of applying (at the same time) two different
random sequences to the incremental inputs of the sys-
tem Awu. During this test, we restrict those inputs such
that the dynamics of the augmented system is located
in a small neighborhood of the equilibrium point. Mi-
crocontroller in Fig. 2.A contains the assembler source
program for defining the random sequence. The PWM
signal is generated by using the design presented in Fig.
2.B. The schematic diagram of the power stage and the
DC motor is depicted in Fig. 2.C. A design similar to
the one that is presented in Fig. 2 is used to apply the
random sequence to the field winding of the synchronous
generator. The only difference is that both designs con-
tain different random sequences. In addition, a circuit is

|
z
Z
>

Qo

BYO3WLY

220 ® o

5
:

Figure 2: Circuit for applying a random sequence to the
DC motor
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Figure 3: Signal conditioning circuit

designed for conditioning the signals to be measured, see
Fig. 3. Once the variables have been isolated and have
adequate amplitudes, they are connected to the analog
inputs of the data adquisition board, see Fig. 3.

Additional diagrams of the experimental setup for the
parametric identification can be found in [11].

4 Results

The measured trace of the PWM field winding voltage
of the synchronous generator (vyq) is depicted in Fig.
4. After some off-line filtering and subtracting the input
corresponding to the equilibrium point (vsqo) the PWM
voltage in Fig. 4 becomes the incremental voltage (Avq)
depicted in Fig. 5. It is evident that the measured PWM
field winding voltage corresponds to an incremental volt-
age having a time-varying (random) period. Fig. 5 also
shows the ideal (not measured) trace of the correspond-
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ing random sequence. Similar traces were obtained for
the other incremental input, i.e. for the measured volt-
age of the DC motor (Av,) .

(volts)

v,
fd

Time (secs)

Figure 4: Measured PWM field winding voltage of the
synchronous machine
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Figure 5: Incremental field winding voltage of the syn-
chronous machine

Incremental inputs (Av, and Avyg) having time-varying
(random) periods clearly affect the measured voltages in
original coordinates at the generator terminals, see the
voltage v,s shown in Fig. 6. As it was explained earlier,
the experimental voltages in the rotor reference frame
(Avgs and Awvgs) can be obtained by performing an off-
line calculation, i.e. transforming the incremental version
of the measured 3-phase voltages at the terminals of the
generator ([vaS Vps vCS]T). As an example, voltage de-
noted by Avgs (expressed in the rotor reference frame) is
shown in Fig. 7. It is important to note that the unsym-
metrical nature of the voltage in Fig. 7 is related to the
initial condition of the angle employed in the mapping

(4).

Once we obtained the transient experimental data cor-
responding to the output (Ay = [Avgs Avgs Aw,]”) and
the input (Au = [Av, Avfd]T), we utilized Matlab for
the off-line processing of the data. In particular,
prediction-error technique is used to calculate the param-
eters in (16). A key assumption here is that the model

order and the structure of the vector/matrices used as
a base for the prediction-error algorithm is the same as
the one defined by model in (16). The resulting vec-
tors/matrices are

—201.1 —134.57 0
134.57 —4678.2 16183
0 —820.93 2897.8
Ali O 7A27 O ’A37 O
0 0 0
—89708 —1920.4 6539.3
0 0 140.86 ]
0 0 104.78
0 0 0
A4 —1307] = | Zs680.9] F A6 = | _30.377
0 —73.486 0
44.234 1944.6 0
0 0
0 0
0 1
B=10045635 0
0.11965 0
0 0
—152.93 0 0 0 0 0
C = 0 —1.6195 3.8727 0 0 0
0 0 0 00 1

The initial condition of the incremental state vector is

Az(0) = [0.0025939 —2.0613 — 0.64278
4.8217 —0.13137 —2.094]"

(volts)

A%
as

Time (secs)

Figure 6: Measured phase a voltage at the terminals of
the synchronous machine

It is important to note that the filtered versions of the in-
puts (as the one presented in Fig. 5) were employed just
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AV (volts)

Time (secs)

Figure 7: Incremental ds voltage of the synchronous ma-
chine

to tune the incremental values. The prediction-error al-
gorithm is actually performed by using the PWM version
of the incremental inputs.

A good agreement is observed when the measured and
simulated outputs are compared, see Fig. 8 - Fig. 10. It
is clear that the simulated response is obtained by solv-
ing the linear system that results of substituting the cal-
culated parameters. On the other hand, after perform-
ing extensive transient tests a significant number of data
were obtained. The above off-line process was performed
in several sets of experimental data corresponding each
set to a different test. After carrying out an analysis for
each set of collected data, it becomes evident that there
are some phenomena that affect the parametric identi-
fication. In particular, parameters of any electric ma-
chine depend on the operating conditions, [12] (transient
and steady state conditions). Even more, some of the
parameters depend on the frequency associated to the
power supply. In this case, that frequency is affected by
the duty cycle of the PWM-based power electronics con-
verter. Since the duty cycle is modified during any of the
experimental tests, variations of the parameters are ex-
pected during each one of the tests. These facts establish
the scenario for a parametric identification as a complex
task to be performed. Authors were able to obtain differ-
ent sets of parameters for the composed dynamic system.
For example, the preliminary work in [13] presents one of
these sets of identified parameters. Those sets of param-
eters define a similar fit between the simulated response
and the corresponding experimental transient data. In
addition to the mentioned parameters, the following set
of parameters were also obtained:

—7112 —134.57
134.57 —29052
0 57.952
Al = 0 ; A2 = 0
0 0
14298x10° —1.0079x10°

0 0 0
3196.5 0 0
—13.499 0 0

As = 0 P A _58.820| 45 = | _3600

0 0 —23.33
12545 116.27 1944.5
37.162 0 0
~193.24 0 0

0 0 1
Ag = _32.662| B = 2.171 0
0 —0.054866 0
0 0 0
—27.061 0 0 0 0 0
C = 0 526.4 —28.282 0 0 0
0 0 0 0 0 1

In this case, the initial condition of the incremental state
vector is Az(0) = 0.

as (volts)

AV

5
Time (secs)

Figure 8: Comparison between the measured and simu-
lated output (Avys)
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Figure 9: Comparison between the measured and simu-
lated output (Awvgs)
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Figure 10: Comparison between the measured and simu-
lated output (Aw,.)
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