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ABSTRACT

This Final Report discusses work on an approach for analog emulation of large scale
power systems using Analog Behavioral Models (ABMs) and analog devices in PSpice
design environment. ABMs are models based on sets of mathematical equations or
transfer functions describing the behavior of a circuit element or an analog building
block. The ABM concept provides an efficient strategy for feasibility analysis, quick
insight of developing top-down design methodology of large systems and model
verification prior to full structural design and implementation. Analog emulation in this
report uses an electric circuit equivalent of mathematical equations and scaled
relationships that describe the states and behavior of a real power system to create its
solution trajectory. The speed of analog solutions is as quick as the responses of the
circuit itself. Emulation therefore is the representation of desired physical
characteristics of a real life object using an electric circuit equivalent. The circuit
equivalent has within it, the model of a real system as well as the method of solution.
This report presents a methodology of the core computation through development of
ABMs for generators, transmission lines and loads. Results of ABMs used for the case
of 3, 6, and 14 bus power systems are presented and compared with industrial grade

numerical simulators for validation.



1. INTRODUCTION

1.1 OVERVIEW

This report explores the feasibility of implementation of analog emulation of large-scale
power systems using ABMs and analog devices in PSpice design environment. The end
goal is to develop a very fast, programmable, and reconfigurable power system
emulator using analog/mixed signal VLSI chip. The said VLSI chip will house a very
large scaled-down power system network that will be capable of emulating desired
behaviors of real power systems under various conditions. Its computation is
independent of size of the power network and can be controlled to be in real-time or

faster than real-time.

This report discusses steps toward attaining this goal. The approach uses ABMs as
building blocks to develop software simulation of an analog emulator that emulates the
evaluation of states of a real power system. That is, solving the mathematical equations
and scaled components that mimic power system behavior, ABMs and analog devices
in PSpice circuit design environments are used to build modules of generator,
transmission networks, and loads. The approach explores the analog natural
characteristic of massively parallel collective computation of large number of signals
that are continuous in time and amplitude. This characteristic gives an edge over digital
simulators in terms of computation time. A simplified illustration of developmental

stages to the end goal is described in Figure 1.1 below.
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Figure 1.1: A Simplified Illustration of Developmental Stages to PSoC

The illustration consists of:

1) The end goal —a VLSI Chip Power System Emulator that houses a scaled-down
power network, represented here as a three-bus system with communication and
measurement channels for actuation and sensing;

1) Stage I is the exploration of feasibility of emulator design and realization using
ABMs and analog devices in PSpice environment; the verification and
validation of power system core computation methodology and circuit layouts -

the main focus of this report;



1i1) Stage II is the Printed Circuit Board (PCB) design and realization of a small
scale prototype for further testing and troubleshooting;

1v) Stage I1I is the actual VLSI design of a large scale prototype; and

V) Stage IV is the development and fabrication of the VLSI chip or Power System

on a Chip (PSoC).

The ABM concept as used in this report offers further insight into intricacies of circuit

connections, number of circuit elements/building blocks, types of inputs/outputs, etc.

Analog Behavioral Models (ABMs) are models based on sets of mathematical equations
or transfer functions that describe the behavior of a circuit element or an analog
building block. A behavioral model is similar to a subcircuit in that it constitutes an
object which is connected to a circuit through electrical ports. The interior of a
behavioral model however, is different in that it is implemented in terms of symbolic
mathematical equations or transfer functions rather than a netlist [1,2]. The ABM
concept provides an efficient strategy for feasibility studies and analysis, quick insights
into developing top-down design methodology of large complex systems and model

verification prior to full structural design and implementation.



1.2 ORGANIZATION OF REPORT

The next section gives a brief overview of the power network model, computation
methodology, and analog emulator setup. Then, development of analog emulator
modules using ABMs is described in detail. This is followed by section that presents the
results of PSpice simulation runs on the proposed emulator and its validations. The
conclusion of the report, summary of work and recommendation for future work is

given in the final section.



2. METHODOLOGY AND DEVELOPMENT OF ANALOG EMULATOR

2.1 CORE COMPUTATION METHODOLOGY OVERVIEW

Power system core computation methodology as implemented in this report goes
through three major steps:

Step 1: Calculating currents in the network

The complex current flowing in any branch or transmission line is as a result of
interaction between the bus or node voltages and transmission line impedance and loads
(if not lumped with line impedance).

Step 1I: Calculating generator electrical power

The electrical power out of each generator in the system is calculated as the real part of
the product of the generator terminal voltage and complex conjugate of the generator
current;

Step I1I: Swing Equation update and computing generator power angle

The swing equation describes the dynamics of a generator. Its input is a mechanical
power from prime mover and which is assumed constant. The output of a generator is
an electrical power, which changes in accordance with the state of the network. The
swing equation is a second order differential equation and its solution is the power angle
of the generator. The power angle combines with generator internal voltage to
constantly update the generator terminal voltage and hence the generator current. Figure

3.7 describes the continuous cycle of power system core computation. Detail



computation methodology and implementation of each of the stages are further

discussed in the next subsections.
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Figure 2.1: Block Diagram of Core Computation Methodology of Analog Emulator

2.2 COMPLEX CURRENT COMPUTATION METHODOLOGY AND
IMPLEMENTATION

The complex current flowing in any branch or transmission line is as a result of
interaction between the bus or node voltages and transmission line impedance. Using

admittance for simplicity and expressed in rectangular form, we have;
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Figure 2.2: Complex Current Computation Methodology

where subscripts 7 and i represents real and imaginary part, respectively.

From Figure 2.2 above, it will require four separate networks in order to emulate the
complex current flowing on any branch. Using the approach proposed by Fried et al
[28], four separate dc-resistive networks can be used. The assumption is that changes in
angular frequency in the system are very small (1-2%) and might be considered as

constant (@ = @, =constant). Therefore the transmission network can be emulated using

frequency independent programmable resistors built on Operational Transconductance
Amplifiers (OTAs). The transformation of the transmission line complex impedance to
its resistance value for the real and imaginary part is through complex conjugation as

shown in equation (2.1):



1 1 R—jX
Y:—— - = >

Z R+jX R+ X

R
Yo =———>=Y
ORM+x? T
X

Y, =(-)——=>=Y
m ()R2+X2 ;

current computation as described in Figure 2.2.

difference between component currents in networks 4 and 3, as summarized below.

I=1,+/]
I, =I'+1"
J =7

2.1)

Combining equation (2.1) with Figure 2.1, we can show the implementation of complex

This means that the real part of complex current flowing through any branch is given by

the sum of component currents in networks 1 and 2, and the imaginary part as the

(2.2)
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Network 2
1" =Y =V
R°+X
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-X
IIIIZVVKZI/V*ﬁ
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Network 4
I"=ry :K*%
R +X

Figure 2.3: Complex Current Computation Implementation.

where

1 is the complex current flowing through a branch.

I and [, are real and imaginary parts of complex current flowing through abranch.

I', 1", 1" and I " are component currents flowing through a branch emulated

as networks 1,2,3 and 4, respectively.

V_and V, are real and imaginary parts of bus complex voltage.

Z =R+ jXis line impedance with its resistance and reactance components.

Y is the line admittance.
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2.3 REAL POWER COMPUTATION METHODOLOGY

The electrical power out of the generator is computed according to equation (2.3).
Generator complex current is determined based on the principle described in section

2.2. Figure 2.4 illustrates electric power computation implementation.

P, =Re{E, *I. }=Re{E, }*Re{l }+Im{E, }*Im{],} (2.3)

A

B, —> Swing Equation

v
> cosd, |z, E NeFiv?/gl}H
+{sind, |z, : Neltr::v{oYrb
> cosd, e, : Nel’:\rl]v{oYrE(3
SIS e ek 4

Figure 2.4: Generator Real Power Computation Methodology [28]
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The real part of the product of generator voltage and complex conjugated current gives

the generator electrical power. The electrical angle at time 7, determines the electrical

power at time 7,, through the change of the real and imaginary parts of the voltages in

the four dc emulating networks.

2.4 COMPUTATIONALLY FEASIBLE BUS VOLTAGES

Power System Bus DC Network Approach Equivalent

A N
k V=V,4 )

' AT
i

Bus complex voltage (V)

Real part of bus voltage (V)
=i Imaginary part of bus voltage (7))
—>| Complex power injection into the bus (5)
<«— —|  Complex power injection out of the bus (S)

Figure 2.5: Computationally Feasible Bus Voltage

Figure 2.5 describes the dc-network equivalent of a real power system bus and

conditions for its implementation. Analyzing a sample power system and considering an



12

arbitrary bus k£ with its complex voltage values, we have 4 networks with 4 buses:
k', k", k" and k' as equivalents. For feasible bus voltages, the following conditions

must be satisfied:
V 1 = V 117 = V
MeoTEn Tk } (2.4)
v, =V

It is then and only then that the current computation methodology described in
subsection 2.2 will yield accurate and feasible values. The feasible bus voltages
condition is realizable as a result of the constant PQ-load model differential form

discussed in subsections 2.2 and 2.6.3.

2.5 ANALOG EMULATOR SETUP

Analog emulation in other words may be described as an automatic means of
representing the performance of a physical system by solving the mathematical
equations or scaled relationships defining the behavior of the system in a continuous
manner. The features that make the proposed scheme a viable option and an edge over
digital or numerical simulator in solving power system problems are [31]:

1.  The dynamic range of power system problems matches that of current analog

circuitry;
ii.  The nature and type of mathematical equations that describe the states and

behaviors of power system under various conditions can be represented using
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analog devices and analog building blocks (for example, integration,
multiplication, summing, etc.);

iii.  Power system variables that are complex in nature and are usually represented in
phasor form can easily be converted and expressed in rectangular form
(Cartesian Coordinate), the form that is more efficiently represented in analog
circuits;

iv.  The representation of a real power system on an analog emulator can be scaled
both in time and amplitude. With proper choice of time-scale factor, the speed of
analog computation of any size of power system can be made faster or slower
than real-time. In addition, a large-scale power system can be mapped on a
VLSI chip, using the appropriate magnitude-scaling factors for input and output
variables. Evolution of VLSI technology has developed to the point where

millions of electronic devices can be integrated on a single chip [27].

2.6 DEVELOPMENT OF ANALOG EMULATOR MODULES

The analog power system emulator proposed in this report is based on using analog
devices to build electric circuit equivalents of mathematical equations and scaled
relationship model representations of real power system states and behaviors under
different circumstances. Separate modules will be built for generator, transmission
network and load in subsections 2.6.1 through 2.6.3, respectively using power system

models discussed in section 2.2 and elaborated on section 2.3. The methodology
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described in section 2.4 in combination with setup approach of section 2.5 is the basis

of the analog emulator implementation.

2.6.1 GENERATOR MODULE

A generator module is built using the classical model discussed in subsection 2.1.
General purpose mathematical analogs built using ABMs are interconnected to emulate

equations (3.1) and (3.2). Rewriting equation (3.1):

2
[ " J[d 5J:Pa=Pm—PmaX sind per unit

nf, | ar
where P, =P, sind; (2.5)
E|7] _
and P. =——+—— for alossless line.

max

(X, +X)

The following notations are used for the power system variables and parameters:

E internal generator voltage
V bus voltage
X, line reactance

The swing equation is a second order differential equation and a nonlinear function of

the power angle. Rearranging equation (2.5) gives

d’s (rf .
7= [#J[Pm ~ P, sind| (2.6)
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Writing equation 2.6 in a form suitable for analog implementation:

5=V, =V, +g[[[1,~1.(V,)]drit 2.7)

The power angled is solved using general-purpose mathematical analog devices. Using
the setup approach discussed in subsection 2.1, equation (2.7) can be rewritten in circuit
form as shown in Figure 2.6. This is a case of a single generator connected to an infinite

bus through a lossless transmission line.

—T_— 1,=(P) Double Integrator
VCCS
1,=(1,-1) V,=(9)
° g » zndJ‘ »
N % R=10 ICl 1C2
L=(2) ’
VCCS
A sin(V,) |«
v/
where g = Zh
from the other generators in the network
A=P

max

Figure 2.6: Analog Circuit Representation of Swing Equation
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The output ¥, represents the electrical angle & of the generator, as given by equation
(2.7). In Figure 2.6 and equation (2.7), the currents /, and I, are used to represent

mechanical and electrical power, respectively. The difference between these two

7 fo
H

currents is amplified by a constant g[z j (generator and electrical system

parameters) and fed into the double integrator. The sum of the output of the double

integration process and the initial condition V,., is a voltageV,, equivalent to the
electrical angled in radians. The/, (V) in equation (2.7) represented as Asin (¥;) in

Figure 2.6, describes the dependency of electrical power on the electrical angle.
The steady state solution of a generator dynamical equation is that value for which

generator power angle 0 is constant relative to the infinite bus. The complex voltage at

a generator terminal is therefore its desired magnitude|E , and argument ¢ . Figure

2..7 below shows the block diagram of the generator module. The module contains the
building blocks for solving the swing equation (dynamic) and also determining the
complex voltage output for a single generator (static). A similar module will be used for
each and every other generator in the network but with their own parameters. The
power angle O of the generator is split into real and imaginary components as
illustrated by the coordinate transformation of Figure 2.7. This form is easier and more

efficiently represented in analog circuits. Therefore, the real part of the generator

terminal voltage is found by taking the cosine of ¢ and multiplying by ‘E g‘ as shown in

Figure 2.7. Likewise, the imaginary part of the generator terminal voltage is found by
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taking the sine of ¢ and multiplying by‘E g‘. These component voltages are then fed

into the real and imaginary parts of transmission network modules through generator
terminals /', 7", 1" and I " respectively. The sine (cosine) block outputs sine (cosine)
value of its input signal. The current drawn from the generator’s real and imaginary
voltage sources are used to calculate the complex current drawn from the generator. The
electrical power of the generator is computed according to equation (2.3) and

methodology described in subsections 2.2 and 2.4.



IC1

Double Integrator

BeE

1C2

V,=(9)

1!
J — [ vevs JRe{lg}
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['_211
[eT v, V,
CTl t*VCVS [+ L»| VCVS |—» CT
1 L l 1
]][] I[ ][V [][
T T T T
Transmission Networks
and Loads Modules

Figure 2.7: Block Diagram of Analog Emulator Generator Module
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VCVS - Voltage Controlled Voltage Source; R - Resistor;
VCCS - Voltage Controlled Current Source; S1 - Switch;

Re {I g} - Real part of generator current; Vs - Voltage Source;
Im {I g} - Imaginary part of generator current; CT - Current Transformer;

I',]"" - Real Voltage Terminal; 1" 1" - Imaginary Voltage Terminal;
P, (=1, ) - Mechanical Power (Equivalent Mechanical Current);
P (=1,) - Electrical Power (Equivalent Electrical Current);

I, 1" (I M 1"") - real and imaginary part of component currents determined

g

by network 1,2,3 and 4.

2.6.2 TRANSMISSION NETWORK MODULE

Several analog approaches for simulating or emulating transmission network are
discussed in a technical paper by Fried, et al [28]. In this report, the approach of dc-
resistive network is considered and discussed earlier. In order words, four separate dc-
resistive networks will be required to emulate a power system transmission network.
Figure 2.8 shows a general example of a three-bus power system and Figure 2.9
illustrates the principle of how four dc-resistive networks are used to emulate this

sample three-bus power system.

Two dc-resistive networks (networks 1 & 4) to represent the real part of transmission
line impedance and another two dc-resistive network to represent the imaginary part
(networks 2 & 3). The transformation of the complex impedance of each branch to its
resistive values is described by equation (2.1). For convenience, the equations are

rewritten here as equation (3.21). The component voltage sources from generator
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terminals /', 7", I"" and I " are fed into the real and imaginary parts of transmission

network modules as described in subsection 2.2. Then, the current /, flowing out of

generator i into the network is calculated. From the equation (2.2), it is clear that the
real part of current flowing on any given branch of a real network is the sum of
component currents flowing in emulated networks 1 and 2. Likewise, imaginary part of
current flowing on any given branch of a real network is the difference of component

currents flowing in emulated networks 4 and 3.

/ R+ X}
R =1/Re{l.} =———
RC(Z!'/) e{ v } Rij
R+ X? 29
i Ly
le(z,./.) =ImiY}=———
Lij
Generator 1 Generator 2

Figure 2.8: A Sample Three-Bus Power System
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RRe{le}

AAA
/\/\/\/ {: > ! “I/ ‘\’I \‘l’ <:"
<R R <
R RRe{Zza } ~ss 0 Im{Z5} m{Zy} =5
Re{Z;3}

Network 1

Network 2

{
11” 2“1 17 ::'::!::.':: 2”/:::::!::'::
RIm{le} RRe{le}
—1'\\ N 1"\
‘;l iz} iz}, Ryetzy Re{Z:}
Network 3 1 Network 4
oL sl
=G S5 jose
) 1[11 | v
\ IS v 4

Figure 2.9: DC-Resistive Network Emulation Approach for Sample System

where:
Re{V}
m{V;}
Re{Z, }
Im{Z, }
1;,1;,1",1"" - Load current (= Load power);
1*,2*,3*

- Real part of voltage at generator bus 7,
- Imaginary part of voltage at generator bus i;

- Real part of transmission line impedance between buses i & j;

- Imaginary part of transmission line impedance between buses i & j;

- Bus or node;

(*) indicates corresponding network.

21
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2.6.3 LOAD MODULE

A differential form of constant PQ-Load model [45,46] is used to build the emulator
load module. Separate modules will be required for each power system load

representation. If the voltage drop across the load and the current into the load are

expressed as V = |V|L 0, and [ = |I|4 0, , respectively, the product of voltage times the

conjugate of current in polar form will give the complex power being absorbed by the

load. That is,

S=vI"=|V||1]£6, -6, (2.9)
or in rectangular form as

S =vI" =|V||I|cos (8, —6,)+ j|V|||sin (6, -6, ) (2.10)

If 6, —0, =0 is the phase angle between voltage and current, then

S=P+jQ
, (2.11)
where P = |V||I| cosf and O = |V||I| sin @
Rewriting equation (2.10) using Figure 2.7 as
S=vI'=(V,+j V)L~ )
=VI+VI+jVi -VI
r-r 11 J( 7 r l) (2'12)

where V. = |V| cos@ and V, = |V| sin@
I, =[1|cos® and 1, = [1|sin 6
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As mentioned earlier, the loads are represented by frequency and voltage dependent

models, that is,

P+K O0=P
Lo } (2.13)

0,+K, V=0,
The first order integration of equation (2.13) yields

1

0=——[(-P.+P)di

7 (2.14)
|V|=Kiwj(—QL +0,)dr

That is, the load bus phase angle is very sensitive to the difference in the real load and
real electrical power as the load bus voltage magnitude is very sensitive to the
difference in the reactive load and reactive electrical power. Using equations (2.12) and

(2.14), ABMs are used to build a constant PQ load module as described in Figure 2.10.

In summary, generators and constant PQ loads are modeled using general-purpose
analog components. That is, the mathematical equations that describe the state of these
components of real power system are represented using electrical circuit equivalents
(ABMs). The transmission networks are represented as a scaled-down model.

Interconnecting these three components will give a complete power system.
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Figure 2.10: Constant PQ Load Modules (Differential Form)
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where

CT - Current Transformer

VCVS - Voltage Controlled Voltage Source
VCCS - Voltage Controlled Current Source

I r'L v ,,'L v iZ "and I iL' "~ are load component currents
P, = Pei + Pei " - load electrical active power with its components
0, =0." —Q." - load electrical reactive power with its components

P, and Q, -real and reactive given load values

1C - initial conditions

For feasible load bus voltage computation, it is very crucial that the integrators that
compute the load bus voltage magnitude and angle be initialized to 1 and O,
respectively. Also, values of the exponential recovery rate of angle and voltage

magnitude must be set.
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3. VALIDATION OF ANALOG EMULATOR MODULE

3.1 OVERVIEW

The analog emulator component modules that were developed in Chapter 3 were tested
on sample 3, 6 and 14-bus power systems, as described in Appendix A. Tests were
conducted on each of the cases by running PSpice simulations [44] of the analog
emulator built on Analog Behavioral Models (ABMs) and analog devices in PSpice
design environment. PSpice circuits for each case are described in Appendix B. The
same sample power systems were run on industrial grade numerical simulation
software; PowerWorld v.9.1 [42] and Power System Simulator for Engineers (PSS/E)
v.28.1 [43], for benchmarking (see Appendix C). For the validation, the following
parameters were measured or calculated and compared with the benchmarks:

i. 0, - voltage angle difference between generator buses j and 1, (j=2, 3, ...);

ii.  Load bus complex voltage;
iii.  Complex current flowing in each branch.
Simulation results obtained from the proposed analog emulator and those of the

benchmarks are presented in section 3.4 and Appendix C.

Figure 3.1 below is a sample 3-bus power system with parameters given in Table 4.1.
Details of analog emulator system setup for the sample are discussed in section 3.2.

Other test cases are described in Appendix A.
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Generator 1 Generator 2

Load PL , QL

Figure 3.1: Sample 3-Bus Systems

Table 3.1: System Parameters for a Sample 3-Bus System

Bus Data (pu) Line Data Line Data
Bus#| P | Q | H | D | for Lossless for
System (pu) Lossy

System (pu)

Bus1| - - |- -] X, 002 R, | 001

X, | 0.01

Bus2|{2.0| - |4s| - | X,; | 003 | R, | 0.02

X,, | 0.01

Bus3{3.0{05] -|-| X,, | 006 | R, |0.012

X,, | 0.025
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3.2 ANALOG EMULATOR SYSTEM SETUP

An analog emulator was built based on the approach and methodology as described in
Chapter 3. A scaled-down equivalent of a real power system short transmission line
model is used to build a transmission network module using the dc-network approach,
while general purpose mathematical analogs are the basis for generator and load

modules. Steps for the emulator setups are discussed in the following subsections.

3.2.1 MATHEMATICAL EQUATIONS TRANSFORMATION

The mathematical equations describing the states and behaviors of power system
components are transformed to its analog circuit’s equivalent using general-purpose
mathematical analogs as described in subsection 2.2. In this report, these steps apply to
generators and loads. The development of generator module using ABMs is discussed
in subsection 2.6.1. Constant PQ-load (differential form) module is developed in
subsection 2.6.3. For convenience purposes, these equations are rewritten.

For generators:

2
A0 _p_p (3.1)
rf, dt
For loads:
PL +Kp9%: Pe
32
QL +va_:Qe

dt
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3.2.2 APPLICATION OF SCALE FACTORS

The computation speed of an unscaled analog emulator for any given size of a system is
approximately equal to the physical system real-time speed. In this report, time-scale
factor of »=0.001 is used. That is, emulator computation time is sped up 1000 times
faster than real-time speed of the physical system, or

T
n=—
t

L _0001 (3.3)
1000

The magnitude-scale factor used can be referred to as per-unit scaling. Two
independent base values chosen for power system test samples are base line-to-line

voltage and three-phase base complex power. That is:

S =100MVA
(3.4)
Vi =69kV
The following relations which must obey circuit laws are also used:
P=0,=S, (3.5)
Z, =R, =X, (3.6)
S
I, =—= (3.7)
b \/thLL
) VLL 2
thV_hz( , ) (3.8)
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The value of the magnitude scaling constantC_ =1, for all magnitude transformation

since ABMs input/output values fall within acceptable ranges. In a case where there is

need for further reduction in magnitude of a parameter, C_ of affected quantity takes a

value less than 1. Therefore, actual values of power system parameters of Figure 3.1
and Table 3.1 are:

P =P *§,=3.0%100=300MW

0, = Q3W # S, =0.5%100=50M var

V|, =V|, =V, =1.0%69V =69kV

Xy=Xy *Z,= 0.06%47.61=2.8566 Q

where

3¢ £106
I, = S _ 1007107 _ea6 74 A (3.9)
\/thLL 3 %69%10°

0 VLL 2 3\2
z 0! ,,3) _(8*10) 47610 (3.10)
I, S* 10010

Applying time and magnitude scale factors to all independent variables of generator

and load equations (3.1) and (3.2), respectively:

i (0.0101)2 el - poaua e
T 0.001K, J(_ Rt

(3.12)

V=500 % — [0, +0.d
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Sample plots of the generator power angle & which is the solution of swing equation
(3.11) over time is depicted in Figures 3.2 and 3.3 for case where time-scale factor
n=1 and n=0.001 respectively. The observation window of simulation time is
extended over 100 seconds for transients to fully settle down. From the plots, it can be
seen that the steady state value of 9 is the same in both cases, but the time to reach this
value is different. In Figure 3.2, with n=1, J reaches steady state after 10s while in
Figure 3.3 with n=0.001, the steady state value is attained within 0.01s which is 1000
times faster than the former. It should also be mentioned that magnitude scaling (not
applied here) has an additional effect not only on the size of power system that can be
mapped on a given size of an analog emulator but also on its speed of computation (for

example, capacitor time constant).

0.035

0.025

Time scale factor: n=1

o
=)
)

0.015

Angle (Radian)

0.01

0.005

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 3.2: Time Scaling Effect on Analog Emulator Computation
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Figure 3.3: Time Scaling Effect on Analog Emulator Computation

3.2.3 SETTING OF INITIAL CONDITIONS AND OTHER CONSTANTS

It is important to initialize parameter values and initial conditions of the integrators. In
this emulator, parameters that need to be set are terminal voltage magnitudes of

generators, generators input mechanical powers from prime movers P (/, ), inertia
constants /7, and loads values £,,0, ({,, ,1, ) . In addition, the exponential recovery rate

respectively, of the constant-PQ load

v o

of angle and voltage magnitudeK , and K,

model differential form must be set.
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Figure 3.4: Effect of K, and K, on Computation of Generator Relative Angles
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Figure 3.6: Effect of K, and K, on Computation of Generator Relative Angles
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Figures 3.4 through 3.7 show the effect of K, and K, on the computation of
generators relative angles and load-bus phase angles. Case of K, =K , =1 is depicted
in Figures 3.4 and 3.5, and case of K , =K =100 in Figures 3.6 and 3.7. It can be

observed that the computation of load-bus phase angle took a longer time to arrive at a

steady state value in the case of K , =K =1 when compared to K , =K , =100. Also,
the first swing of generator’s relative angle is higher in the case of K, =K , =1 than

with K, =K _, =100 , but settled to steady state quicker than the latter.

Ideally, it is desirable for the load-bus phase angle to solve faster and reach steady-state
quicker than the generator bus (this emulates real life behavior). The PSpice design and
simulation environment used in this report did not allow detailed investigation and
characterization of the effect of the coefficients of the exponential recovery rate of an

angle K , and exponential recovery rate of voltage magnitudeX  , due to some

convergence problems.
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3.2.4 RATIONALIZATION OF COMPLEX IMPEDANCE VALUES OF THE
TRANSMISSION LINES

Rationalization of complex impedance values of transmission line is necessary because
of the dc-network emulation approach used. Using equation (2.1), branch impedance
complex values are transformed into their rationalized resistance values as shown in
Tables 4.2 and 4.3 below. For the lossless network where real part of complex

impedance R=0, its transformed value R _ £1=% but represented as R _ 2= 1GQ in

Z; }
the circuit implementation. The idea of making this value very large is to create open
circuit or minimize current flowing in the equivalent dc-networks I and IV.
Alternatively, networks I and IV may be removed. Removing networks I and IV for a
lossless system simulation may be cumbersome, as the generator and load modules will

also require modifications.

Table 3.2: Transmission Network Impedance of a Sample 3-Bus Power System

Rl2 X12 R13 X13 R23 X23
Lossless 0 |[0.02 0 0.03 0 0.06
Network (pu)
Lossy 0.01 | 0.01 | 0.02 | 0.01 |0.012 | 0.025
Network (pu)

Table 3.3: DC-Network Equivalent Impedance of Table 4.2
R R R

Rzt | Rzt | Brezy | Binizy | Bretot | Ringrary
Lossless 1x10° 0.02 1x10° 0.03 1x10° 0.06
Network (pu)
Lossy 0.02 0.02 0.025 0.05 0.0641 | 0.03076
Network (pu)
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It should be mentioned that the negative in R 21 component of equation (2.1) is taken

i

care of during complex current computation implementation, as shown in Figure 2.3.

3.2.5 VARIABLES AND PARAMETERS REPRESENTATION IN ANALOG
EMULATION IMPLEMENTATION

For convenience and efficient analog emulation implementation, certain power system
variables and parameters are represented by other circuit variables. Also, ABMs only
accept voltage(s) as input(s) and output voltage except in the case of Voltage Controlled
Current Source (VCCS) where the output is current. Therefore, there are cases in the
modules where current is represented as voltage or power as current. However, since
the conversion ratio used between current-voltage or power-current is 1:1, obtained
values remain representative in quantity. Figure 3.8 below summarizes variable

representations used in this report.

P}e[(l u:lA)
0 P

0 — V (1 radian : 1 volt)
I -V (1A:1volt)

Figure 3.8: Variable Representation in Analog Emulator
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3.3 SIMULATION RESULTS

The analog emulator modules have the capability of solving steady state load flow.
They can as well be used for solving transient stability problem for cases of an electrical
fault on the generator terminal. Generators relative power angle, branch currents in the
network and buses voltages can be measured in real and continuous time. For the slack
generator, ordinary constant voltage source is used, to serve as reference and maintain
desired voltage magnitude and angle. All other angles are measured relative to the slack
generator power angle. Modules of generator, transmission networks, loads and test

systems built on ABMs and analog devices are depicted in Appendix B.

Measurements and readings from PSpice runs for load flow of sample 3-bus power
system are presented next. Figure 3.9 shows steady state solution of relative power
angle between generator 2 and slack generator for a case of lossless transmission
system. Figure 3.10 and 3.11 show load bus voltage magnitude in per unit and relative
angle in radians, respectively. These measurements are taken out of the module
described in Figure B1. Summary results for all test system and their comparisons with
the industrial grade numerical simulators are presented in section 3.4. Detail simulation
results which include PSS/E interface printouts, power-flow diagrams of PowerWorld
and graphical plot of measurements at various points of interest in the analog emulator

circuits are given in Appendix C.
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3.4 RESULTS COMPARISONS AND COMMENTS

Summary results from the PowerWorld and PSS/E which serve as benchmark and the
proposed analog emulator are described in Table 4.4 through 4.7 for different test
system. From the tables it could be concluded that results of steady state load flow
values from analog emulator compare relatively well with those of the benchmarks

(PowerWorld and PSS/E).



Table 3.4: Summary Results for a 3-Bus Power System (Lossless Case)

PowerWorld PSS/E Analog Emulator
Relative Power Angle 0.94° 0.9° 0.94°
(6,,) in degree
Load Bus (V3) Voltage | 0.988/-3.17° | 0.9882-3.2° | 0.988£-3.17°
()
Current in Branch 2 1 686.37 686 686.3720.47°
(1, A)
Current in Branch 1_3 1568.99 1569 1569/ -13.91°
(1, A)
Current in Branch 2 3 1007.73 1008 1007.772-10.70°
(1, A)

Table 3.5: Summary Results for a 3-Bus Power System (Lossy Case)

PowerWorld PSS/E Analog Emulator

Relative Power Angle 0.65° 0.6° 0.65°
(J,,) in degree
Load Bus (V3) Voltage | 0.9682-1.03° | 0.968£-1° | 0.968£—1.03"
()
Current in Branch 2 1 668.52 669 669.22./45.30°
(7, A)
Current in Branch 1_3 1382.78 1383 1383.2./1.36°
(7, A)
Current in Branch 2_3 1308.47 1308 1308.4/-23.1°

(7, A)
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Table 3.6: Summary Results for a 6-Bus Power System (Lossy Case)

PowerWorld PSS/E Analog Emulator
Relative Power Angle -2.10° -2.1° -2.10°
(9,,) in degree
Relative Power Angle —2.71° —2.7° -2.71°
(9;,) in degree

Load Bus (V4) Voltage | 0.9742-7.35° | 0.974£-7.3" | 0.974£-7.35°
(Vpu)

Load Bus (V5) Voltage | 0.9882-4.69° | 0.9882-4.7" | 0.988£-4.69"
(Vpu)

Load Bus (V6) Voltage | 0.983£-6.36° | 0.983£-6.4" | 0.9829/-6.36"
(Vpu)

Current in Branch 1_2 344.86 345 344.86/—-29.76"
(1. A)

Current in Branch 1 _5 758.72 759 758.72/—20.98°
(1. A)

Current in Branch 2 _5 388.84 389 388.84./—15.95°
(1. A)

Current in Branch 2_6 515.047 515 515.04/-11.7°
(1. A)

Current in Branch 3 6 376.53 377 376.54 ./ —32.34°

(1, A)
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Table 3.7: Summary Results for a 14-Bus Power System (Lossless Case)
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PowerWorld PSS/E Analog Emulator
Relative Power Angle —1.08° -1.1° -1.08°
(9,,) in degree
Relative Power Angle —0.75° —0.8° —0.75°
(J;,) in degree
Relative Power Angle —8.09° -8.1° -8.09°
(&, ) in degree
Relative Power Angle —7.30° -7.3° -7.30°
(J,) in degree
Load Bus (V4) Voltage | 0.989/-5.51° | 0.9892-5.5° | 0.989/-5.51°
7,.)
Load Bus (V5) Voltage | 0.9912-4.75° | 0.991£-4.8° | 0.991£—-4.75°
7,.)
Load Bus (V7) Voltage | 0.984,-9.22° | 0.984-2-9.2° | 0.984,/-9.22°
(7,.)
Load Bus (V9) Voltage | 0.9792-11.15" | 0.9794-11.2° | 0.979£-11.15°
7,.)
Load Bus (V10) Voltage | 0.980~-—-11.68° | 0.980£—-11.7 | 0.980~—11.68"
7,.)
Load Bus (V11) Voltage | 0.9872-10.7° | 0.9872-10.7° | 0.9872-10.70°
7,.)
Load Bus (V12) Voltage | 0.982/—-12.42° | 0.9822£-12.4 | 0982/ —12.88"
(7,.)
Load Bus (V13) Voltage | 0.9802-12.88° | 0.980£—-12.9° | 0.980£—-12.88°
7,.)
Load Bus (V14) Voltage | 0.9792-11.2° | 0.9792-11.2° | 0.979£-11.20°
7,.)
Current in Branch 1 5 311.63 312 311.6328.52°
(I, A)
Current in Branch 2 5 309.85 310 309.85/10.86°
(I, A)
Current in Branch 5 4 262.50 263 262.50./12.84°
(I, A)
Current in Branch 4 9 151.21 151 151.21£14.42°

(1. A)
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It must be mentioned that there will be a convergence problem in the PSpice simulation:
1. If the time scale factor in the generator and load are not properly selected.
This problem is likely attributed to PSpice software as it cannot respond to

step function;

il. If the constant multiplying the integrator input as in equations (3.11) and

(3.12) is higher than order of magnitude 10° and 10’ for the generator and

load, respectively.

The conclusions of this research work, its contributions and recommendations for future

research are discussed in the next section.
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4. CONCLUSIONS AND FUTURE WORK

4.1 CONCLUSIONS

This report explored the feasibility of implementation of analog emulation of large-
scale power systems using ABMs and analog devices in the PSpice design environment.
The end goal is to develop a fast, programmable, and reconfigurable power system
emulator using analog/mixed signal VLSI chips. Its computation time will be real-time
and faster than real time and independent of the size of the power system. This report
however, is the first step towards attaining this goal. ABMs and analog devices are used
to develop modules of generators, transmission network and load using classical
generator model, dc-resistive network equivalent of short transmission line model and
constant-PQ load differential form model, respectively. The approach provided a large
picture of the end goal, insight of design methodology of power system core
computation and modules verification prior to full structural design and

implementation.

The approach to the analog implementation of the power system emulator is based on
an equivalent dc-network model that preserves the original power system network
topology. In this technique, the complex variables and network parameters were
transformed and expressed in rectangular coordinates. In rectangular coordinates the
mathematical equations that describe the behavior of generator and load under various

conditions are set up and evaluated using general purpose mathematical analog
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(integration, summing, and multiplication operations). Transmission networks are
represented as scaled-down model using resistors.

For the purpose of validating this approach, tests were conducted by running PSpice
simulations of these analog emulation circuits for a sample 3, 6, and 14 bus power
systems. The results of power flow simulations were compared with results obtained by
running the same samples on other industrial grade numerical simulation software;
PowerWorld v.9.1 and Power System Simulator for Engineers (PSS/E) v.28.1. The
results matched favorably and confirmed the accuracy and validity of the approach. It
should be mentioned however, that the speed of computation of analog emulator is real-
time and can be faster than real time, depending on the time-scale factor used in the

setup and independent of the size of the network or network topology.

Analog Behavioral Models and PSpice simulation software has been a very useful tool.
Among other advantages mentioned previously is that: it gives opportunity to test-drive
ideas, it aids in exploring the effects of modifications, etc. However, it should be
mentioned that PSpice is not a prototype substitute; it gives hint but does not provide
real final answer. As PSpice simulation helps, it may also mislead; PSpice simulations
in this report are free of noise, crosstalk, interference, etc. In the actual implementation,
there may be problems like noise, stray conductive paths and bias currents on the
breadboard circuits to deal with. Also, component models of PSpice simulation used in
this report are considered ideal. In real life, there may be effects like component

variations, temperature, etc on the accuracy of the model.
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4.2 SUMMARY OF RESEARCH CONTRIBUTIONS
Some key research contributions are highlighted below:

e Developed a module of constant PQ load differential form for analog emulator;

e In-house validation of analog emulator module using scaled-analog devices and
ABMs representations of mathematical equations that describe the behaviors of
power systems under various conditions;

e Proposed a methodology that leads to computationally feasible analog devices

operation for accurate power system emulation.

4.3 FUTURE WORK

This report is just the first step towards a goal of developing a fast, programmable, and
reconfigurable power system emulator using analog/mixed signal VLSI chip. The
ABMs used are not real physical objects, circuit elements or blocks but ideal models
based on sets of mathematical equations or transfer functions that describe the behavior
of a circuit element or an analog building block. Real analog devices must be used to
build mathematical functions such as integrators, summers, voltage controlled voltage
source, sine shaper and etc. The elements or blocks must be connected in such a way to
emulate real system behavior. The results of this work however, will serve as

benchmarks for real analog emulators and as guide during its implementation.
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Furthermore, an analog module of constant PQ load model (differential form) was
developed using the mathematical equations that express the active and reactive powers
at any instant of time as an algebraic function of the load bus magnitude and frequency
at that instant (see subsection 2.6.3). Since other types of static load model are also
defined relative to the load complex power, further modifications could be made on the

proposed PQ-load module to arrive at any other constant load parameter.
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APPENDIX A. POWER SYSTEM TEST SAMPLES WITH PARAMETERS

This section provides other samples of power system sizes and parameters used in the
validation of analog emulator module developed using Analog Behavioral Models and

analog devices in PSpice design environment.

A.1  6-Bus Power System (3 generators, 8 lines and 3 loads)

The one-line diagram of a
6-bus power system

4]

6

Figure A.1: Sample 6-Bus Power System



Table A.1: System Parameters for Sample 6-Bus Power System

Bus Data (pu) Line Data (pu)

Bus # |V| P| Q |H
Bus1 | 1.04]| - - - R, | 0.020
X, | 0.115
Bus2 | 1.01 |0.7| - |4s R, | 0.035
X, | 0.225
Bus3|1.03|1.0| - |5s R, | 0.025
X5 | 0.105
Bus4| - |1.0/035]| - R, | 0.025
X,, | 0.105
Bus5| - |1.5/050]| - R, | 0.028
X,, | 0.125
Bus6| - |1.0/025]| - R, | 0.215
X,, | 0.215
R, | 0.035
X, | 0.215
R, | 0.026
X, | 0.175
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A2

14-Bus Power System (5 generators, 21 lines and 9 loads)

The one-line diagram of a
14-bus power system

ne T@'I' -
-V_“ 4] =

Q 1
— Dk

Figure A.2: Sample 14-Bus Power System
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Table A.2: System Parameters for Sample 14-Bus Power System

Bus Data (pu) Line Data (pu)

Bus # |V| P Q H
Busl | 1.0 - - - X,, |0.05917
Bus2 [ 1.0| 0.3 - 4s X5 10.22304
Bus3 [ 1.0]| 04 - 5s X,, |0.03297
Bus4 | - |0478 (039 | - X,, |0.17632
Bus5 | - | 0.18 [0.05| - X,s |0.17388
Bus6 [ 1.0 04 - 5s X,, |0.37103
Bus7 | - 02 [0.05| - X, |0.04211
Bus8 [ 1.0| 0.5 - | 54s X,, |0.20450
Bus9 | - 03 | 0.1 - X, |0.53890
Bus10| - | 0.19 |0.02| - X, 10.23490
Bus1l| - | 0.14 | 0.02| - X, | 0.19890
Bus12| - | 0.16 | 0.03| - X, | 0.25581
Bus13| - | 034 |0.05| - X, | 0.63027
Bus 14 | - 03 005 - X, | 0.17615
X,, | 0.11001
Xg | 0.21300
X, | 0.08450
X,,, |0.01270
X, |0.19207
X,,; | 0.05988
X5, | 0.34802
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APPENDIX B. PSPICE CIRCUITS

A Sample Three-Bus Power System 0
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Y o Py 3
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Y py 2 3
3 i} 4 b
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5

2
O-I||—@—‘ LoadPValue
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Figure B.1: Hierarchical Block of a Sample 3-Bus Power System
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Figure B.2: PSpice Circuit Representation of a Swing Generator
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Figure B.3: PSpice Circuit Representation of a Generator Module
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Figure B.5: PSpice Circuit Representation of Constant PQ-Load (Differential Form)
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14 Bus Power System
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