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ABSTRACT

INTERPOLATION METHODS IN THE SIMULATION OF POWER
ELECTRONIC CONVERTERS

Ming Zou
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in the hterature to accurately determine switching stants. The thesis proposss o
interpolation-extrapolation (IE) algonithm. which elimunates numencal osailations and
provides a sufficiently precise soluuon. The method gives accurate results even with
larger ume steps. The proposed methad 15 tested 1n a number of civuts usiag elavironie
switches and to power electromic circuits. To solve the problems resulung from natuny
commutation of diode and forved commutanon of traasistors and Gate Tum O
Thymstors. an extension of the [E techmgue 15 proposed. Contrany to exising methods.
the proposed method eliminates the need to force the semuconductors [0 Work s pairs. or

add snubber circults across every switch. To test the applicability of the method. 1t has

been successfully implemented and tested in commercial packages under development &t

[REQ (Institut de Recherche d"Hydro-Québec).
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CHAPTER 1

PROBLEM REVIEW

1.1 INTRODUCTION

Recent developments in power systems. particularly in the application of power
electronics. require the power system simulation tools be adapted to the specific behavior
of these devices. The most common approach for detailed simulation of transients in
power systems uses a fixed integration time-step with the trapezoidal integration method.

Problems arise with tae introduction of natural and forced commutated devices.

1.2 DESCRIPTION OF THE PROBLEM

In power systern digital simulation. there are several powerful software packages such as
DCG-EMTP (Electromagnetic Transient Program) [1] [4]. NETOMAC (Network
Torsion Machine Control) [2] and SPICE (Simulation Program with Integrated Circuit
Emphasis) [3]. which can accurately simulate the transient states by the trapezoidal
integration method with fixed tume-step. However. a discontinuity problem is generated
because of characteristics of the trapezoidal rule and numerical discretization. Many
numerical methods were pointed out trying to eliminate the effect of discontinuity [5] [6]
[7] (8] [9] [10] (11} [12] (13] [14] [15] [21] [22]. In addition. some other numerncal
integration methods were developed to replace the trapezoidal rule in electromagnetic

transient simulations [16] [17] [18] [19] [20]. However. they have not been implemented

"9



in large-scale power system applications. The trapezoidal rule remains widely used and

accepted in fixed time-step simulations due to its precision and stability.

An important drawback of the trapezoidal integration is its oscillatory behaviors at

discontinuities.

This can be illustrated by a simple RLC case shown in Fig 1.1. The switch (ideal model)

is turned on at time , (0.016666s ) and turned off at time 7. (0.0285s ). Assume that at
ume !, itis found that the switch current has crossed zero.
sSw: RL1

+ 4+ -

-
U ac

Fig 1.1 RLC circuit case

With the trapezoidal rule the inductance equation (i, is the inductance current at timez, .

v, is the inductance voltage at umez, ) is given by

L (1.1)

Which means that at 7, + Ar we have

2



At
=2y v 4 (1.2)
2L 2L ¢

At 1, +2Ar we get

It appears from this step that the inductance voltage enters into oscillations. There are

numerical oscillations unrelated to actual physical phenomena.

=-v . (1.4

In general.

The simulations results are shown in Fig 1.2. This is a typical situation with EMTP.

(V2
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Fig 1.2 Inductance voltage oscillations (x axis: ms; y axis: inductor voltage, in V)

Although implementing Backward Euler [5] [6] at discontinuity points removes
numerical oscillations and simplifies switching device modeling by eliminating the
conventional numerical snubbers. the fixed integration time-step remains an important
drawback. If the simulation engine cannot precisely account for the possibility of firing
and extinction between two discrete simulation points. errors occur. non-characteristic
harmonics are generated and abnormal operating modes appear. One corrective measure
is to decrease the integration time-step at the expense of much longer computation time.
This can increase the precision in some cases. but does not resolve the issue of
simultaneous switching transition. The difficulty is that a variable time-step problem is
being solved with a fixed time-step and ideal or linear switching device models. The

fixed time-step remains a requirement to avoid unaffordable long computer execution



times in addition to significantly increased complexity in device model programming.

Moreover. at the power system analysis level. it is not necessary to model the switching

devices with great detail since this has no significant impact on power system behavior.

1.3 SUMMARY OF PREVIOUS WORK AND LITERATURE
REVIEW

1.3.1 EMTP simulator
EMTP is based on trapezoidal integration and uses a method called CDA [5] [6]. The

Cntical Damping Adjustment (CDA) is achieved by means of two /T integration steps
using Backward Euler rule. In Fig 1.3. with CDA scheme. the trapezoidal rule can be

used throughout the entire simulation without oscillations at discontinuities.

1 1 R T T T L4 T
2+ | — Inductance voltage(EMTP) 1i -
inductance voltage(EMTP with CDA)
15r Intermediate Lo . ¥ T M 7
point of CDA [ Sh L i
1r 0 | { | S -
| / | | o Pt
AI i | [ ‘, Y i ‘[
| I J .
05y 2 Vo } / i
A VA L »'
[ | ' ,' ) i '
: )" i l'\ ]’ | ; Y
eit-4 v.
'05 o ) ! i ! ¥ -
A’/'T» ! \5 / [ :
4 l L ! i ,"
i | L L
: . '1 I’ A'l
. l 1 14
150 ! ! + i .
i 1 . 1 1 1 L 1 :
2 2905 291 2615 2082 282% X3 283 204

Fig 1.3 Eliminating oscillations of inductance voltage in CDA (x axis: ms: v axis:

inductor voltage, in V)
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However. the CDA algorithm does not offer a complete solution. On one hand. it cannot
find the exact tum-on instant or extinction instant. Besides. CDA cannot calculate the re-

iitialization values of state variables after discontinuities.

CDA cannot account for instantaneous switching conditions. There is a problem on the
significance of the intermediate solution. This can be illustrated using the circuit of
Fig 1.4. If the switch is forced to become open, then an impulse voitage will result on the
inductance and if the intermediate solution is neglected. it will simply eliminate the
impulse and the diode will not turn on. This problem has been demonstrated in [11] and
recognized in [21]. One possible solution to this problem is to account for the
intermediate computation step [21]. But this is not a complete solution since it is not
simple to derive a rule for distinguishing between true and false impulse conditions.
Indeed for the natural commutation case. the resulting impulse is only numeric and
should be discarded. There 1s also the possible simultaneous (within the same time-step)
occurrence of true and false impulses in separate circuit sections. which may require

using complicated topological recognition.

One more problem illustrated by the circuit of this ideal case is the need for a
simultaneous solution. The diode must operate simultaneously with the switch. If. for
example. the diode opening is delayed after the switch closing, then the dc voltage will
be forced onto the capacitor and the solution will become totally wrong. A simple
solution to the simultaneous switching problem is to restart the circuit solution without
advancing in time until all switches have settled. This will not cover for switching

occurring within a time-step.
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Fig 1.4 Converter circuit used to demonstrate switching problems

1.3.2 EMTDC simulator

The EMTDC program [7] [13] [15] is another widely used power system simulator. It
has a built-in interpolation method for finding the exact switching time between two
discrete time points. Interpolation is also used to return to the original time-mesh. As for

the problem of numerical oscillations. EMTDC also applies numerical interpolation.

The drawback of EMTDC is that it lacks an appropriate method to properly resume
simulation after discontinuities. The algorithm of the interpolation technique is not
mathematically supported. Adequate precision cannot be obtained and the method’s

behavior cannot be generalized.

1.3.3 NETOMAC simulator

In addition to the simulators mentioned above, NETOMAC [2], another fixed time-step
simulator, uses interpolation to account for switching points, and to make a prediction on

state variables. In contrast with EMTDC. this method accounts for state variable



continuity. There is also a mathematical basis for the algorithm. The drawbacks of both

modified EMTDC and NETOMAC are discussed in detail in Chapter 3.

1.4 PROPOSED SOLUTION

The ultimate solver will not allow jumps in state variables and will be able to reinitialize
correctly to minimize errors for the following time-points. There would be no numerical

oscillations and all computed points should be consistent.

A theoretical approach of solving discontinuities is that, at the exact switching time. the
simulator performs the switching operation. At the instant of state vanable discontinuity.
it reinitializes all state variables and begins new calculations for the following simulation

time-points.

The proposed approach is able to solve simultaneous switching case without loss of
generality. It also eliminates numerical oscillation and does not require extra

interpolation steps.

The proposed approach provides a simple yet effective method to achieve an accurate
switching representation in fixed time-step simulations. It presents a way to solve the
whole network twice at the switching instant and to obtain the initial conditions required
to resume simulation after discontinuity. With this method, the accuracy of re-initialization

1s more independent of the time-step.



The New Method is an extension of the NETOMAC algorithm. It uses the state variables

(inductance current and capacitor voltage) at the discontinuity time point 1, and 7, + =

to extrapolate the artificial initial conditions at 7, ——- and recalculates the whole

network atz,” .

Extrapolation provides an improvement over the existing NETOMAC method. There is

also the added ability to account for forced commutation cases.

Fig 1.5 shows the inductance current for the case shown in Fig 1.4. The theoretical
minimum value is9A . The New Method finds8.995A . It is noticed that EMTDC does

not show current continuity.

9.7- - - Modified EMTDC .
o ~ NETOMAC

9.1- =7 New Method -
—e—Theoretical solution

9 Tt ———— .
8.9- .
8.8 .
8.7- -
8.6 - o .
8.5- : ' .

593 593 5.935.93015.93015.93015.9301

Fig 1.5 The enlargement waveforms of inductance current (x axis: ms; y axis:

inductor current, in A)



1.5 THESIS OBJECTIVES

The objectives of this thesis are to:

e Propose a new algorithm for solving discontinuity problems in the simulation of
transients.

e Provide a background and a systematic approach for the analysis of available
techniques and a comparison with the new technique.

e [Implement the new method in a commercial simulator and demonstrate its
capabilities for arbitrary circuits.

e Provide solved test cases for the most demanding power electronic circuits where

frequent and repetitive discontinuity problems exist.

1.6 THESIS OUTLINE

The contents of this thesis are organized as follows:

Chapter 2 presents a review of different numerical methods and two main methods for

formulating circuit equations.

Chapter 3 presents a systematic evaluation of the existing methods and the proposed

method, and a theoretical analysis and comparison.

Chapter 4 implements the new algorithm in the simulation of different cases. The
simulation results of each method are presented at the end to illustrate the advantages of

New Method.

10



Chapter 5 presents a summary of the thesis, conclusions regarding feasibility and

performance of the proposed method and suggestions for future work.

11



CHAPTER 2

THEORETICAL ANALYSIS OF NUMERICAL METHODS

2.1 INTRODUCTION

This chapter presents a theoretical review of numerical integration methods. The
characteristics of each method such as convergence. stability and explicit or implicit

properties are discussed. The suitability of the methods used in practical simulators is

validated.

What's more. there are several methods for formulating circuit equations. The most
commonly used methods are nodal or modified-augmented-nodal analysis [23] [25] and
state-space. Both methods can be implemented using numerical solution techniques
offering various advantages within mathematically explicable limitations.

2.2 NUMERICAL INTEGRATION

Circuits and related control systems must be solved in frequency-domain for steady-state
conditions and in time-domain for transient analysis. In time-domain. it needs a
numerical solution for a set of differential equations. Generally speaking. it needs the

solution for an ordinary differential equation (ODE) system given by



—=f(x,t
Fraalial 2.1)

x(0)=x,

2.2.1 Trapezoidal integration
Trapezoidal rule is among the most popular numerical integration techniques. [t is used
in large-scale circuit analysis software packages such as EMTP and SPICE. At a given

time-point ¢ and with a given time-step \¢. the trapezoidal method for equation (2.1) is

given by
e .
Y=Yt i~ S (2.2)
or
AI( .
Xt = % = S~ fier, (2.3)
If equation (2.1) is replaced into (2.3):
AL .
X1 = X% "'T?LI‘; “,'Ik,l- (24)
G =X 2 X =X — 'ME __d:‘x(f) (2.5)
Lol = X 5 =T N TS i 2.

The time-step M can be fixed or vanable. For both cases. the solution becomes
available at discrete time-points and linear interpolation is used between these time-
points. Topological discontinuities occurring between time-points encounter a delayved

detection in the fixed time-step approach.



2.2.2 Other Taylor series based methods

As indicated in the previous section. trapezoidal integration can be derived from Taylor

series expansion about the pointz =1, . Other methods can be created by manipulating the

seres expansion order.

2.2.2.1 Forward Euler

Forward Euler or first-order Taylor algorithm is given by:

Arf d7x(€)

—_— (2.6)

.
2 dr

X1 = % f‘Afk.rk -

It corresponds to the first two terms of the Taylor series expansion. It is an explicit
algorithm. The LTE (local truncation error) is quite large. Hence. to obtain reasonable
accuracy. the time-step size must be made very small. As it will be shown later. it also

has stability problems. This is why this method is seldom used.

Euler Backward or Backward Euler integration is found by expanding both x._; and
X, about the time-pointr =1 :

Arf d7x(€)

\ (2.7)
2 dr

X1 = X —.-._\tk.rk__l -

14



As the trapezoidal method. Backward Euler is an implicit algorithm since it yields a

relation between x;_; andx;_,. It is noticed that when a halved fixed time-step is used

and the LTE is omitted. this equation becomes:

Ar .
xk__[ =X 1""71'.\1._( (28)

e e : . . Ar .
and differs from the trapezoidal method equation (2.4) only by missing the term - %

Which indicates that switching from trapezoidal to Backward Euler can be achieved very
efficiently. This property can be exploited for initializing or reinitializing the trapezoidal

integration method.

2.2.3 Regions of stability

According to equations (2.6) and (2.7) the Forward Euler and Backward Euler methods
have an LTE term of equal magnitude. However, these two methods have significantly
different stability properties. To study stability properties it is convenient to use a simple

test equation:

X=/4x (2.9)
with the exact solution given by

&= xe™! (2.10)



If the eigenvalue A\ has a real negative part then equation (2.9) is stable. If the exact

solution is stable, it is required that the numerical solution is also stable.

The solution of (2.9) with the Forward Euler constant time-step method is

xk_l = xk [l - Att\} (2.1 l)

which reduces to

=X [l'\"‘AI/\]L (2.12)

When the eigenvalue is real and negative, then the Forward Euler method is stable only if

x; —0 fork —~c. and necessitates:

=A< (2.13)
-2<AN <0 (2.14)

In a more general sense the constraint equation is:
(1+Re{A\}) +(Im{anA})’ <1 (2.15)

and describes the stability region shown in Fig 2.1.
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Stability region for Forward Euler

2.
Im(Ata)
1.5-

stability region

2 -1 0 1 2
Re(atx)
Fig 2.1 Stability region of Forward Euler algorithm

When equation (2.9) is solved with the Backward Euler method it gives:
5o =x [1- A (2.16)
and reduces to:
= x[l-An] (2.17)
The stability region is now given by:
(1-Re{an}) +(Im{an}) <1 (2.18)

and shown in Fig 2.2. It appears that contrary to Forward Euler, Backward Euler is stable

for any time-step value.
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Stability region for Backward Euler
2

Im(AtR)
1.5-

1-
0.5-
0- stability region

05-

1-

-1.5-

-2
-2 -1 0 1 2

Re(Ata)
Fig 2.2 Stability region for Backward Euler algorithm

An integration algorithm is A-stable if its region of stability includes the entire left-hand
side of the Ar\ plane. Practical differential equations can be solved using stiffly stable
algorithms. A numerical integration algorithm is stiffly stable if the algorithm is stable

when the time-step approaches large values.

When trapezoidal integration is applied to solve equation (2.9) the following relation is

obtained:

Xl r‘l ) (2.19)
[-22
2

It is simplified to become:

18



JAY) k

= = 22

Therefore the stability region is the entire left-hand side plane given by:

Re{Arr} <0 (2.21)

It means that trapezoidal integration is stable if the exact solution is stable and unstable if

the exact solution is unstable. [t is an A-stable method.

It is noticed that if [ArA|> 2 then the numerator in equation (2.20) is negative and x; is

positive for even values of & and negative for odd values of k. The solution oscillates
around the correct solution. In practical cases, oscillations will occur when a state
variable (inductance current or capacitor voltage) encounters a discontinuity. An efficient
approach in such situations is to reinitialize the trapezoidal method using the previously

described halved time-step Backward Euler method.

2.3 NODAL OR MODIFIED-AUGMENTED-NODAL ANALYSIS

The standard nodal analysis is based on the Kirchoff law:

Y, V.=, (2.22)
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More sophistication is available in a modified-augmented-nodal analysis [23] [25] to
account for the presence of generalized nodal relations, such as voltage sources and
switches, and branch type relations such as an ideal transformer. The main system of

equations in both time-domain and steady-state is given by:

Y,  Vagi Dbaepc Sigj|[ Vo I,
Vadj 0 0 0 || Iy _ Vv, (2.23)
Dogepr 0 0 0 ([Ivy 0
ErEL 0 S, |l 0

where Y, is the linear network admittance matrix, non-symmetric

\

adj 18 the voltage source adjacency matrix, for all voltages source types

Dygepr and Dpgepe (row and column contribution matrices) are used for holding

branch dependent relations

S.4j is the adjacency matrix of closed switch type devices

Sy is a diagonal and unitary matrix for open switch type devices

V, is the vector of unknown node voltages

Iy, is the vector of unknown voltage source currents

Iy 4 1S the vector of unknown currents in dependent voltage source branches
Ig is the vector of unknown switch currents

I,, is the vector of known nodal current injections

V; is the vector of known voltage sources



In steady-state it is a complex system and in time-domain it is a real and discrete system.

The time-domain representation is more complex. It requires circuit discretization for a
chosen integration method. Programs such as EMTP (Electromagnetic Transients
Program) use trapezoidal integration as the main integration method and halved time-step
Backward Euler for handling discontinuities. Using the trapezoidal method as the main

algorithm, is justified by its increased precision.

: : dig . o . : . . .
The inductor equation v, = L—2L is discredited with trapezoidal algorithm equation

dr
(2.4) to become:
U, = —?—ka,,,[ +3ALLVA.,,,,_A, + lim,_ A, (2.24)
When Backward Euler (see equation (2.8)) is used:
(2.25)

) ! )
Lrmy _E kmp Yy _ng12

The schematic representation for an inductor is shown in Fig 2.3 where i, is the history

current found at the previous solution time-point (with trapezoidal algorithm).

At

iUI = va"l—Al +ik’"r—Al (2. 26)



. .. dv; . R .
For the capacitor equation iy, = C d"" , with trapezoidal integration
t

. 2C 2C )
fomg = 7 Vhome ™ xp Ve T (2.27)
and with Backward Euler integration
2C 2C (2.28)

Homy =Evk”'r TAr Vimg_A112

A resistive circuit similar to the one in Fig 2.3 can be drawn for the capacitor.

2L
At

@

ih
Fig 2.3 The discrete inductance model

It is also feasible to create a combined RLC branch model. If i, is the RLC branch

current then:

itm, = GRLCVim, T+ IRLCH (2.29)
Where
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GRLC = l/[R'*-K'\L—

For trapezoidal integration:

{rech, = Grec

2L .

2L
t

2 -
"vam,_ At Vi =At +

2L .

At
2C

2_L At}
At

R“EE]"""—'—\"

vam,-A, = Ar Ty _ g _Elk"’l—ZAl _"Lkm,_gA,

For Backward Euler integration:

i =G v -, +|—+R|i;
RLCHy RLC[ Limy _ngyp  Thm_Agr2 [At J kme_Ar12

2L .

vl‘k”l,_.A,/z = Elb"f—dffz

2.4 STATE-SPACE EQUATIONS

2L

2L,

—

At

kemp _ Ay

An arbitrary circuit can be described through state-variable equations:

And the output equation:

x=Ax+Bu

y =Cx+Du

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)



Where x is the vector of state variables, u is the vector of sources and y is the vector of

outputs.

Applications of using state-space formulation have been succeeded to solve large-scale

networks.

The automatic generation of state equations is not simple. It requires the knowledge of
the circuit proper-tree to determine the state variables and possible dependencies among
them. We don’t mention this method here in detail because of its well-known drawbacks
[23]:

a Problems in representing nonlinear functions.

a3 Problems in assembling the system of equation for arbitrary topologies.

2 Problems for reformulating equations at topological changes.

2.5 CONCLUSIONS

This chapter has presented a brief summary on the currently available basic techniques
for the simulation of transients. At this time, the well-known trapezoidal integration
technique remains the most efficient for solving systems of ordinary differential
equations of electrical networks. On the other hand, the modified-augmented-nodal
analysis is relatively new. It has replaced the nodal analysis formulation and the state-
space equation method in MATTRAN [23] [25] and EMTPRV [26]. The new
interpolation-extrapolation technique presented in this thesis has been implemented and

tested in these two packages.



CHAPTER 3

EVALUATION OF INTERPOLATION TECHNIQUES

3.1 INTRODUCTION

The objective of this chapter is to provide a survey and a critical evaluation of available
interpolation techniques for the treatment of discontinuities occurring during topological

changes.

The currently available techniques are interpolation in EMTDC [7] [13], NETOMAC [2]
and HYPERSIM {9]. The CDA method is not an interpolation technique, but it has the
ability to eliminate numerical oscillation. Some other methods, not discussed here, are
related to real-time simulations [10] [14]. They have inherent constraints (in order to
coincide with time mesh, they always have low accuracy) that are not applicable to the

case of non real-time simulations.



3.2 SURVEY OF EXISTING ALGORITHMS

3.2.1 Methodology

Various methods are studied using basic diagrams of the type shown in Fig 3.1. This

figure displays the evolution ofi, , the current of a forced tum-off switch such as an

IGBT.

The proposed approach for visualizing an interpolation technique is to present the

switching device current (i_ ) trajectory in conjunction with the various solution time-

W
points. The algorithm should be able to solve equally well the forced and natural
commutation conditions. A diagram for the forced turn-off (GTO, for example) case is
shown in Fig 3.1. A solution is normally taken from the time-point ¢ tor+Ar. A
discontinuity due to turn-off is encountered when moving toz + 2Ar . The difference with
a thyristor is that the current between points 0 and | cannot be assumed to be linear

(shown by the dashed line). If the solved system at each time-point is expressed through
generic nodal analysis (YV =1) then an interpolated solution can be found atr . The

dotted trajectory represents the case of natural commutation. The dotted vertical lines are

used here to denote the original time-mesh.
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Fig 3.1 Current trajectory and interpolation for forced turn-off

3.2.2 The EMTDC method

This method works only for the natural commutation cases.
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Fig3.2 EMTDC algorithm for solving discontinuity and for re-initialization

The complete algorithm is given by the following steps.

p—

. Interpolate to find ¢, (point2).

o

Find V_at ¢, using interpolation.

3. Prepare history terms forr, +Ar.

4. Recalculate Y, for the new switch status.

5. Find the solution at ¢, + At (point 3).

6. Check with status changes atr, + Ar. If at least one switch has changed status

then go back to step | and repeat.



7. Perform an extra interpolation to find the solution at time-point 4. This technique
is used to eliminate numerical oscillation [7]. It will be explained in the following
paragraph.

8. Perform a normal solution to move to time-point 5.

9. Perform an extra interpolation to go back to the original time-mesh point 6.

The method used in step 7 is explained as follows. If a numerical oscillation condition
occurs, the all quantities at time-point 3 are assumed to be the negative of those at time -

point 2. Interpolation will make them equal to zero.

This method is designed only for natural commutation, since in the forced commutation
case the current can be interrupted abruptly. For the IGBT trajectory, it results in delayed

interception and will create extra errors in PWM converters.

This problem has been recognized in [13] and a new method has been suggested.

It is summarized in [13]. The method performs two solutions atz,, one at r,” with the

switch closed (Y, ) and one at r,” with the switch open (Y, ). The solution then moves

to the time-point 3 and the following steps are similar to the previous algorithm.
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IGBT currenb\ 2
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ty
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used for In

time

Fig 3.3  Modified EMTDC aigorithm for forced commutation

For the solution at ¢, it is assumed that 1™ is equal to the interpolated I,” . Although it

may be acceptable in some practical cases within integration time-step limits, this

assumption is questionable, since a discontinuity has occurred and the history

h -x" leading to the solution at 1, should be different from the history & .-y~ leading

to the solution atz, . There is no state variable continuity criterion.
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3.2.3 The NETOMAC method

- Extra solution ~ _

variables ‘
h : History terms
: used for In
% time
|
I ®
| H
Ia *iht
t t+At In  —h t-
td -A td [n — h d
la —h-at tg +At
At
te + 5~

Fig 3.4 NETOMAC algorithm for solving discontinuity and for re-initialization

NETOMAC [2] finds ¢, using interpolation on V, atz, . The algorithm steps are:

. Interpolate to find¢, .

2. Find the new Y, (after switching) and prepare history terms for performing

the next step solutions.
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3. Find an exploratory solution at ¢, +ét7— using Backward Euler rule. Since the

inductance current moves linearly, this extra solution allows finding the

voltage for the re-initialization of the solution atz,. A similar reasoning is

applied to the capacitance current.

The following operations are applicable:

i, )=i(t,") (3.1)

ve(t, )=v.@,") (3.2)
The re-initialization equations are:

i(1, +%i) =i (t,") (3.3)

v, (1, +%) =v,(1,7) 3.4

where i,(1,”) is found from interpolation and i, (z, )=i,(s,”) ensures state variable
continuity. A similar equation can be written for the capacitor. An extra interpolation can
be taken to resynchronize with the original time-mesh, but it is less important for non-
real-time simulators and the extra computational burden can be avoided. Numerical
oscillations are automatically eliminated during the re-initialization procedure and due to

Backward Euler usage.

L)
(18]



The main limitation of this method is that it does not provide a method for finding nodal

voltage atz,” . The assumption of equation (3.3) (3.4) is questionable.

3.24 The EMTP CDA

The CDA [5] [6] method has been designed only for natural commutation cases. It is

illustrated for the inductance current interruption in Fig 3.5.

When a current interruption is detected (current becoming negative), the CDA method

performs two extra Backward Euler solutions.

tee A2 =?Zvr,~xll i, =0 (3.5)
2L .

(R 'E’r, (3.6)

0 - vl,,OAl (37)

This method eliminates the numerical oscillations.
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) A: Inductance voltage
V‘arlnblcs 5 ‘ ' D B:[niuctance current
C:CDA s solution
D: 0O d EMTP s solution

coscillation)

time

d-At N W+ At

Fig 3.5 The CDA method

The CDA algorithm does not offer a complete solution. On one hand, it cannot find the
exact turn-on instant of line commutated switches or extinction instant of forced
commutated switches. On the other hand, CDA cannot calculate the re-initialization values
of state variables after discontinuities. Furthermore. CDA cannot account for

instantaneous switching conditions.
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3.2.5 The HYPERSIM method

Fy
variables

D 4 3
t
IGBT turrent 2 ’
diode turrent t h:History terms
"~ ’ used for In
|
| 5
time

| )
‘ t | ®
t— At , Forced turn -off instant
| :
tt At :
d tq tg- At
In LB

Fig 3.6 HYPERSIM algorithm for solving discontinuity and for re-initialization

The HYPERSIM [9] method is limited to natural commutation.

The algorithm is given by the following steps:

I. Interpolate to find ¢, (point2).

2. Find V, at t, using interpolation.

3. Interpolate history terms (between point -1 and 0) forz,” .
4. Recalculate Y, for the new switch status.
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5. Formulate new I ™ with history terms getting in step 3.

6. Find the solution at ¢, (point 2).
7. Perform a normal solution to move tor, + At .

8. Perform an interpolation (between points 2 and 3) to go back to the

original time-mesh point 4.

The HYPERSIM method is to move the exact switching time one time-step forward.
When there are multiple switching operations happening in one time-step, it would cause
the wrong simulation results. Let us take an example. In Fig 3.6, if there is another
switching happened between point 2 and point 4, HYPERSIM still uses the history terms
at point -1 and O to get the history terms needed by the new switching operation. In fact.
it should use the new history terms, which come from the new network after switching

operation at point 4.
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3.2.6 Complete continuity method
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Fig 3.7 Complete continuity method

This method is presented in [8]. It also starts by interpolating for finding ¢, and the

solutions atz, . To enforce perfect state-variable continuation, this method formulates a
new Y, at 7, by replacing all capacitors by dc voltage sources and all inductances by dc
current sources. The dc voltage and dc current values are taken from the solution atz, .
The solution at z,” provides history for moving to the time-point 3 (see Fig 3.7). The

idea appears appealing, but the capability to formulate the proposed Y, for large scale
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networks remains to be proven. Particularly difficult condition may arise for some

specific models that cannot be replaced by dc voltage sources and current sources.

There is one more fundamental problem. It is illustrated in Fig 3.8. A simple case is
shown in Fig 3.8 a. If the switch opens at ¢, then its equivalent circuit at 7,” becomes
the one shown in Fig 3.8 b. Since the two inductances are not equal, their current sources

are different and this circuit is inconsistent.

| " ..
N i >‘E N -z
n ~S -£
el -+ &+

|||
||f

a) A simple case

\f\Jf AN ,;{f

S~ ,

= \ (L / ‘\/:
1/_0 _

+

S~
10/_0

Fig 3.8 b) Equivalent circuit of the case at discontinuity time-point r, .

38



3.3 THE PROPOSED NEW APPROACH

ty - At/2 tg - At/2
5 311 6
s ..
s el s
¢
t t+ At t+ 2At )
td—At td td'f‘At

Fig 3.9 New algorithm for solving discontinuity and for re-initialization

This method has been implemented and tested in MATTRAN [23] [25] and EMTPRYV

[26]. A more general network is used in these software programs, described by:

aug "aug ~ Taug

3.3.1 Principle of the New Method

The method [27] proposed is based on [2]. It is illustrated in Fig 3.9, which shows. in

addition to the switch current, the possible inductance current trajectory. A similar



presentation can be made for a capacitor voltage. The overall algorithm steps

(corresponding to the times described by the vertical time lines) are:

9

Find the normal time-mesh solution at r + 2Ar and detect that a discontinuity has
occurred.

Find the interpolated solution for state variables at ¢, and the new system

matrix Y, " .

. : At . . a
Find the exploratory solution at ¢, +—- using equation (3.9).

At

i’m~-\l/2 = kad-_\u: +il1,,_ (3.9)

. X At .
Extrapolate the solution for state variables atr, - The extrapolated solution

for i, is:

(3.10)

. — 75 _
111,1 -Ar/2 -ll-rd_ Il-tdo.)zll

Move from the time-point of step 4 back to the time-point 2 using Backward

Euler:

ilfd =ivlfd°+il‘d—'y/2 (311)
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6. Move from time-point 2 at f, to r,+Ar using the trapezoidal integration

equation.

3.3.2 Discussion on the New Method

NETOMAC uses the values at ¢, +A’t— to be the initial conditions. The Modified EMTDC

method calculates the solution at r,” fromr, . From the viewpoint of mathematical

approximation, these two approaches can get reasonable results if the time-step

sufficiently small. However, when the time-step increases, the approximation is not

valid. In NETOMAC the difference between the values at ¢, +% and r,” will become

too large. The Modified EMTDC approximation is simply not valid.

3.4 CONCLUSIONS

The method proposed in this thesis has the capability of predicting a value at r,” closer

to the exact solution, in addition to reinitializing the solution of history terms for the
following time-point. The method however is based on the assumption of linear variation

between the solved time-points of the trapezoidal method.
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CHAPTER 4

TEST CASES

4.1 INTRODUCTION

This chapter presents the results of the implementation of the proposed method for a
number of test cases designed to verify its performance and compare it with other

available techniques.

Generally speaking, it is not necessary to present circuit with a large number of devices.
In fact, the capability of a method to treat discontinuities can be better verified in simple

circuit under controiled conditions.

4.2 SIMPLE SWITCHING SIMULATION

00187222 61mH

Fig4.1 RLC model presentation



This circuit, Fig 4.1, is a simple example for analyzing the response during a normal
switching operation. It creates both capacitor current and inductance voltage

discontinuities.

At the beginning, the switches II and I are open. Switch I is connected between nodes 5

and 3. Switch II is connected between nodes 4 and 3. At time¢,, Switch II closes while

Switch I remains open. The theoretical equations are:

However, the voltage of node 3 is zero before closing Switch II. After closing Switch II,
the voltage of node 3 remains zero because the capacitor voltage cannot jump

instantaneously:

(4.4)

Generally speaking, the current of the inductance L1 cannot jump and the voltage of the

capacitor cannot jump.

The following table and waveforms present a comparison between existing methods and

the New Method. The theoretical solution is obtained using a very small time-step.
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For example, if we use a large time-step (At = 100s considering close the switch II, the

time period of the entire circuit is about 950us) whent, =0.014444s (This ¢, is

selected to force interpolation), Switch I closes. att,” :

Theoretical |\, 4ified EMTDC| NETOMAC | New Method
solution
time-step lps 100ys 100ys 100s
Yu (VI 354430 21.632 21.3799 34.0529
Error (%) 0 38.967 39.678 3.922

Table 4.1 Inductance voltage error for each method

14.45 145 1455 146 1465

Fig 4.2 Inductance voltages at Switch II closing (x axis: ms; y axis: inductor voltage, in V)



Fig 4.2 shows the inductance voltage at switch closing timez, . It is apparent that the New

Method obtains the best results.

41.35 474 4745 475 47.55

Fig 4.3 Inductance voltages at switch II opening (x axis: ms; y axis: inductor voltage, in V)

Fig 4.3 shows the inductance voltage at the switch opening time-point. The Switch I is

allowed to open after some delay and current crossing zero.

When Switch II opens, each technique finds a different switch opening time due to the
different current zero point. From Fig 4.3 we can see that modified EMTDC has a

negative jump. This result is caused by the numerical oscillations of the trapezoidal rule

and does not have any real meaning.
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When Ar=10pus, the simulated results will naturally get close to theoretical results.

From Fig 4.4, we can see the New Method matches the theoretical solution very well.

The other methods still show some errors.

14.44

1448

14.5

14.52

14.54

Fig4.4 Simulation results comparisons (x axis: ms; y axis: inductor voltage, in V)

In the following tables, we vary the time-step from 10us to 140us to test the accuracy of

each method and co-relation with time-step.

10us 20us 30us 40us 50us 60us | 70uws

New Method 34.849 35688 36.675 37.382 37.174 36.584/36.972
(inductance voltage V)

NETOMAC solution 34311 33549 32386 30931 20.118] 27.13925.786
Modified EMTDC 344000 33.703| 32569 31.157 29591 27.96526.710
Error between I and T 16776 0690 -3476 -5.471] -4882 -3.218 -4.313
(error percentage %)

Error between N and T 3.1944 53449 8.6265 12732 17.845 23.43027.246
Error between M and T 20422 49104 8.1082 12.094 16511 21.10124.641
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80us 90us | 100us | 110ws | 120ps | 130us | 140us
New Method 37983 36.047] 34.053] 33.5500 33.969 29.654 28.654
NETOMAC solution 24.543( 23.158 21.3800 19.747 19.600, 18.440 16.373
Modified EMTDC 24.8290 234000 21.632] 20923 19.687] 19.1200 18.001
Error between [ and T -7.1670 -1.702] 3.9226] 5.3407] 4.15900 16.335 19.156
Error between N and T 30.753] 34.663] 39.678 44.287 44.7000 47.973 53.805
Error between M and T 29.947) 33978 38967 40.967 44.454 46.055 49.213

(Iis New Method, N is NETOMAC and M is Maodified EMTDC, T is the theoretical solution)

Table 4.2 Error comparison among different algorithms (the values are the initial

inductance voltage L1 at r,”)

Error analysis

—

—

error%
N
o

il

' —— New Method
| —=— Modified EMTDC

NETOMAC

¥ L] L] T 4

O'W
1.2 3 6

' 9 10

11 12 13 14

A

time-step

Fig 4.5 Relations between errors and time-steps(x axis: x10ms ; y axis: error

percentage of inductor voltage)



Fig 4.5 shows the errors of Modified EMTDC and NETOMAC will build up linearly
with the increase of time-step. The errors of the New Method don’t change linearly. It is

verified that the New Method is less time-step dependent.

43 POWER ELECTRONIC SWITCHES

4.3.1 Power semiconductor switch models

These switches, typically diodes, thyristors, GTOs and IGBTs can be simulated using a

number of techniques, in increasing order of complexity and increasing simulation time

[24]:

a Ideal switches: infinite resistance when open and zero resistance when closed. It
requires the reformulation of network equations.

a2 Non-ideal switches (or quasi-ideal): used to obtain a more accurate
representation, for example by taking into account forward voltage drop and
resistance or turn-on and turn-off times. It is achieved by adding resistance, and
capacitor in parallel and inductors in series with the ideal model.

3 Physical models: these are based on the physical behavior of the switches and the
associated equations derived from semiconductor physics. The level of details can
become extremely high. These are physical intrinsic micro-models of the
appropriate semiconductor technology, usually available (in applications based on

SPICE) from a library of parts provided by various manufacturers.
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The micro-models are not practical at the converter circuit and system levels. Power
system simulators can provide acceptable results using the ideal and non-ideal switch
models. For computational speed reasons, the fixed integration time-step remains the

most popular choice. It must be implemented with an appropriate interpolation technique.

4.3.2 DC-DC buck-boost converter

DC-DC converters (see Fig 1.4) are used in regulated switch mode dc power supplies and

in dc motor drive applications.

If the gate signal is a pulse of duty cycle D, of periodT, the steady-state waveforms of
the circuit in both continuous and discontinuous modes can be found from theoretical

analysis.

The mean value model equations for the continuous mode are given by:

oe_Db _L 4.5)
v 1-D I
V.=RI, (4.6)
V. .
I = o.sulrz‘ﬂm 4.7)
i = —'—(1, -D/ l) (4.8)
D, 2L

The discontinuous mode equations are given by:
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The general datais: v, =8V,L =0.0lmH,C =100uF,T =1.0E-0.55,D, =0.75

For the continuous mode:

R =8% : Initial conditions: v, =-24V.i, =i_ =9A;

For the discontinuous mode:

R =808, D, =0.16 ; Initial conditions v, =-37.5V

The theoretical quantities in the continuous mode are:

i =9Av, =24V, =12A;

The theoretical quantities in the discontinuous mode are:

i =6A;v, =-37.95Vii, =2.7243A;

(4.9)

(4.10)

4.11)

(4.12)

(4.13)

(4.14)



Fig 4.6 shows the continuous operating mode output voltage v, . The forced commutated

switch is modeled as an ideal switch and the diode has a 0.7V voltage drop when
conducting and becomes an open circuit when turned-off. The expected theoretical mean
value of voltage output is -24V. The simulation starts by initializing the capacitor voltage
to -24V in order to achieve a faster steady state. EMTP is not shown here since it is
unable to provide a simultaneous switching solution and will fail completely. It appears
that due to the repetitive re-initialization and related errors, EMTDC and NETOMAC
find a different steady state. The actual mean value voltage found by the New Method is
-23.9875V (an error of 0.05%). NETOMAC and modified EMTDC find -24.315V and -
23.365V respectively. The New Method is also able to closely follow the theoretical
envelope and the superposition makes both waveforms almost indistinguishable. Fig 4.7
shows the detailed waveforms of output voltages. The error comparisons are shown in

Table 4.3. If the time-step is increased to lus then New Method’s error is only 0.4%.

25

NETOMAC

New Method

Theoretical solution
235

23 Modified EMTDC

1 2 3 4 5 5
Fig 4.6 Converter output voltage (-v,), continuous mode (Ar = 0.1us, x axis: ms; y

axis: output voltage, in V)
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Fig 4.7 Detailed waveforms of Converter output voltage (x axis: ms; y axis:

output voltage, in V)

Theoretical |\ 4iied EMTDC| NETOMAC | New Method
solution
(V) 24 23365 24315 -23.9875
Error (%) 0 2,646 13125 0.052

Table 4.3 Comparisons of output voltage

It must be noted that there are no numerical oscillations in Fig 4.6. What is shown is high
frequency switching. The apparent modulation effect of some methods is due to the
initial transients and errors in re-initialization, which cause errors in switching instants. It
is impossible to achieve perfect steady state, especially at such high frequencies, but the
New Method is the one that shows the best performance and enters steady state much

faster.



Fig 4.8, Fig 4.9 and Fig 4.10 show the inductance current. The theoretical minimum
value is 9A. The New Method finds 8.9958A. The error comparisons are shown in Table

4.4. It is noticed here that modified EMTDC does not achieve current continuity.

16 -‘%‘N/EIOMAC New Method i

oA e

Theoretical 4
Modified EMTDC solution

-

J 1 Il L I i

1 2 3 4 5 6

Fig4.8 Converter inductance current, continuous mode ( Ar =0.1us . x axis: ms; y

axis: inductor current, in A)

15.}-"'"‘._ .+ Modified EMTDC IJ;

REIN ! NETOMAC h

14 TNy i >  New M ethod N

A i —e— Theoretical solution '}

13t ‘
12 r
(ot
o
9 -

5.928 5929 593 5.931

Fig4.9 Detailed waveforms of Converter inductance current, continuous mode

(x axis: ms; y axis: inductor current, in A)
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Fig 4.10 The enlargement waveforms of inductance current (x axis: ms; y axis:

inductor current, in A)

Theoretical Modified
solution EMTDC NETOMAC New Method
ln (A) 9 8.5 9.15 8.9958
Error (%) 0 5.56 1.67 0.047

Table 4.4 Comparisons of inductance current

The discontinuous mode is more complex due to the increased number of re-
initializations. Simulation results are shown in Fig 4.11. The theoretical steady-state
mean value voltage is—37.85V. The New Method finds —37.81V when it enters into
steady state. NETOMAC finds —38.525V and modified EMTDC finds —37.74V . Table
4.5 shows the error comparisons of output voltage. A distinctive feature is the ability to

maintain current continuity. Fig 4.12 compares currents at switching point. The New



Method results are very close to the theoretical solution. Table 4.6 shows the error

comparisons of inductance current.

Modified EMTDC

New method

-38 2

NETOMAC

-384

.386f Il

1 2 3 4 5 6

Fig4.11 Output voltage comparison, discontinuous mode (x axis: ms; y axis:

output voltage, in V)

Theoretical solution | \ /4 EMTDC | NETOMAC | New Method
{when t =6ms)

v (V) -37.85 -37.74 -38.525 -37.81

Error (%) 0 0.29 1.78 0.1

Table 4.5 Comparisons of output voltage (discontinuous mode)
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Fig4.12 The enlargement waveform of inductance current(x axis: ms; y axis:

inductor current. in A)

Theoretical solution | Modified EMTDC NETOMAC New Method
im‘ (A) 6 6.04 5.96 6.00005
Error (%) 0 0.667 0.667 0.0008

Table 4.6 Comparisons of inductance current (discontinuous mode)




5.206 5.208 5.21 5212 5214 5216 5218 5.22 5.222 5.224 5.226
Fig4.13  Superposed switch (i ) and diode (i, ) currents, New Method(x axis: ms;

y axis: inductor current, in A)
The demonstration of simultaneous switching between the diode and the switch is given

in Fig 4.13.

4.4 DIODE BRIDGE RECTIFIER

-5
2

- @

D2

1|
||
|+

D4

Fig 4.14 A signal phase diode rectifier



A diode bridge rectifier (Fig 4.14) is used here to test a purely natural commutation case.
Diodes are modeled again as ideal switches with a 0.7V turn-on criterion. It is shown in
Fig 4.15 that again EMTDC is less precise and noisy at the discontinuity time-point.
NETOMAC cannot provide a continuous transition because both closely linked
inductance voltage and capacitance current must be reinitialized at the same time-point.
The New Method offers the best performance. In the case of EMTP, its apparent
precision is related to an averaging effect in the computation of the capacitor voltage and

its other quantities remain noisy at the discontinuity treatment time-point.

Modified EMTDC

104.8 - P baatbdl NV -
o 'Y
Theory —_ >
104.6 - -
(V) >
K4 New Method :
104.4 - EMTP -

NETOMAC
104.2

104

2139 214 2141 2142 2143 2144
time (ms)

Fig 4.15 Capacitor voltage for the diode bridge rectifier (x axis: ms; y axis: output

voltage, in V)
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4.5 SIMULATING OF PWM CONVERTERS

4.5.1 Principle of operation and simulation results for bipolar switching case

Fig 4.16 Single-phase full bridge SPWM inverter

A single-phase full bridge PWM inverter is shown in Fig 4.16. The basic principles of

the PWM with bipolar voltage switching are shown in [28].

The amplitude modulation ratio is defined as

m, =ﬁ=l.0 (4. 15)
1%

Where V, is the peak amplitude of the sinusoidal waveform and V,, is the peak

amplitude of the triangular signal.
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The frequency modulation ratio is defined as

m, =—f;-=15 (4.16)

Where f is the frequency of the triangular waveform and f, is the desired fundamental

>

frequency of the output ac waveform. Because of the heavy inductive load, the output

current is lagging the output voltage.
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Fig4.17 Output ac voltage and current (x axis: ms; y axis: output voltage and

current, in Vand A)
Fig 4.17 shows the waveform of output voltage. The shown load current is for a large

inductive load (L =10mH,R =2Q). If the load is resistive, the waveform of the load

current will be almost the same as the waveform of output voltage.
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4.5.2 The current transition in bipolar switching

The switches are modeled as ideal, which allows the two switches in the same inverter

leg to change simultaneously from on to off and vice versa.

In practice, most of the loads are inductive. So when the two IGBTs switch off, the
current of inductance cannot change immediately. Therefore, the current should flow

through diode D2 and D3.

In bipolar switching, there are three kinds of processes of basic current transition.

The first kind (CASE1) occurs when the load is purely resistive. The current can change

its direction instantly, tor example from G1. G4 to G2, G3.

The second kind, illustrated in Fig 4.18 (CASE2) is more complicated. For example, G1
and G4 conduct first. The output current in the inductive load is built up in state [. When
the gating signal changes (from G1 and G4 to G2 and G3), the G1 and G4 are turned off:
G2 and G3 are turned on. However the current in inductance cannot change direction
instantly, it should find a way to flow. Current will flow in its original direction by
conducting D2 and D3 alternatively in state II. After current reaching zero, the circuit

goes to state III. G2 and G3 conduct and the circuit goes into the next switching cycle.

6l



STATE I

STATE [l

Fig 4.18 Current transition (CASE2)

The simulation results are shown below.

- - e cumentof G1
0.066 ° current of G4
. ~ -+ current of D2

- current of D3

0.062 - s -
0.06 - -
0.058 - -

0.056 - -

1.274 1.275 1.276 1.277 1.278 1.279 1.28 1.281 1.282 1.283 1.284

Fig4.19 Current transition from switches to diodes (state I to state II, x axis: ms;

y axis: output current, in A)
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Fig 420 Current transition from diodes to switches (state II to state III, x axis:

ms; y axis: output current, in A)

The third kind of transition is shown in Fig 4.21 (CASE3). First, G1 and G4 are forced to
conduct, the output current in the inductive load is built up in state I. When the gating
signal has been changed (from G1 and G4 to G2 and G3). the G| and G4 are turned off
while G2 and G3 are turned on. However the current in inductance cannot change
direction simultaneously, the diode D2 and D3 are turned on as the inductor current
commutates to them in state II. The difference here is that due to the time constant of the
circuit, the current in D2 and D3 may not become zero when G2 and G3 are gated to turn

on. Gl and G4 are fired again and the circuit goes into state III that is the same as state I.

Fig 4.22 shows the current transitions of case3. At point A in Fig 4.22, there are current

transitions between diodes and switches shown in Fig 4.23.
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STATE U

STATE IlI

Fig4.21 Current transition (CASEJ)

0.882 - e current of G1
current of G4
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0.881 - ’
- current of D3

0.879 - . L -
0.878 - Cw A -
0.877 - -
0.876 - -

0.875 - -
12.689 12.69 12.691 12.692 12.693 12.694 12.695 12.696 12.697

Fig 422 Current transition from switches to diodes to switches (CASE3, x axis:

ms; y axis: output current, in A)



STATE U1(D2.G$H) STATE IV(GLGH

Fig 4.23  Process of current transition (point A)

At the beginning, the current flows through D2 and D3. The current decreases slowly.
After some time G2 and G3 are turned off and G1 and G4 are ok to turn on. In state IT,
there is a short circuit through G1 and D3 in the first leg because of G1’s turning on. The
program finds the current in D3 is reversed and turns it off. The circuit now goes into the
state ITI. The current finds another way by flowing through D2 and G4 because D2 is still
on. The main program then turns off D2. Finally, the circuit goes into state IV and Gl,

G4 are turned on and the circuit goes into the next switching cycle.

Around point A in Fig 4.22, the new method performs calculations four times.



4.5.3 Principle of operation and simulation results for unipolar switching case

The operation principles of PWM with unipolar voltage switching can be found in [28]

and the values of m_ and m, are the same as bipolar voltage switching case.

The waveforms of Fig 4.24 show that there are four combinations of switch on-states and

the corresponding voltage levels, which mentioned in [28] are as follows:

G,.Gon:v, = v+,
G,.G.on:vy = (v +vel)
G,.G.on:v, =0
G,.Gon:v, =0

4.17)

In equation (4.17),v,,, v, are the voltages of the voltage sources DCI,DC2 in Fig 4.16.
When both the upper switches are on, the output voltage is zero. The output current
circulates in a loop through G,and D,or G,and D, depending on the direction of
current. During this interval, the input current is zero. A similar condition occurs when

both bottom switches G;and G, are on.
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Fig4.24 Output ac voltage and current (x axis: ms; y axis: output voltage and

current, in Vand A)

4.5.4 The current transition in unipolar switching

In unipolar switching, there are two kinds of current transition in the positive cycle of

output current. The current transition in negative cycle is as in the positive cycle.

The first kind (CASEI) of current transition is shown in Fig 4.25.
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STATE l114G1.G4) STATE [V(DA.G4)

Fig 4.25 Current transition (CASE1)

For example, at the beginning G1 and G4 are turned on. After certain time, G2 is fired to
turn on and at the same time G4 is tumed off. The circuit goes into state II and current
flows in the loop of G1 and D2. When G4 is fired again, the circuit goes into the state III.
During the period of G3 and G4 turning on, the circuit goes into state IV, in which D3
and G4 are turned on. After that, the circuit goes into the next switching cycle. The

simulation results are shown below.
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Fig 4.26 Current transitions (state I to state II to state I1I, x axis: ms; y axis:

output current, in A)
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Fig 4.27 Current transitions (state IV to state I, x axis: ms; y axis: output current, in A)
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The second kind (CASE2) of current transition is shown in Fig 4.28.

STATE lIKGL.D2) STATE (V(D3.D2)

Fig 4.28 Current transition (CASE2)

When the output voltage goes to negative (the current is still positive due to the inductive
load), the current transitions are a little bit different from the first manner. For example
when voltage is zero in Fig 4.29, G4 and D3 are turned on as in state I in Fig 4.28. After
certain time, G2 and G3 are fired to turn on because voltage becomes negative. However
the current is still positive, D2 and D3 are forced to turn on. The circuit goes into state II
and current flows through D2 and D3. After a while, Gl and G2 are fired again, output
voltage become zero. The current flows through the loop Gl and D2 and the circuit goes

into the state IIlI. When G2 and G3 are fired again, the circuit goes into state [V, D2 and
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D3 are turned on. After current becomes negative this circuit goes into the next switching

cycle. The simulation results are shown below.

-8 - NI .

Fig 4.29 Voltage crossing zero point (x axis: ms; y axis: output voltage, in V)

1.83 - -
- - current of G1

f - cument of G4
1.825 - .-~ cumentofD2 ~
. <. current of D3
1.82 - -

1.815-. -

1.81 - A& -

—a

<

1.805 - To-

1.8 - -
1.79S - -
1.797 -

1.785 = =
8.73 8.732 8.734 8.736 8.738 8.74

Fig 4.30  Current transition (state [ to state I, x axis: ms; y axis: output current, in A)
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Fig 4.31 Current transition (state I to state IIl, x axis: ms; y axis: output current, in A)
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Fig 4.32  Current transition (state I1I to state IV, x axis: ms; y axis: output current, in A)



4.5.5 Speed comparisons with PSPICE

PSPICE New Method

Bi-polar PWM controller (30ms) 3.94s 0.086s

Uni-polar PWM controller (50ms) 9.4s 0.16s
(In same computer, same simulation time)

Table 4.7 Computer timing comparison

Table 4.7 shows computer timing comparison with PSPICE. It appears that new method
due to its fixed time-step usage and interpolation is much faster than PSPICE. PSPICE

can achieve high quality simulation results due to its variable time-step algorithm.

4.6 CONCLUSIONS

This chapter has presented simulation results for a number of circuits containing
switching elements, typically power electronic converters. Results obtained using the
proposed new method were compared with those obtained with other methods. These
comparisons show that the proposed method yields more stable and accurate results and
does not introduce non-existent solutions and nor produce incorrect waveforms. It is also
verified that the current transition between switches in power electronic converters takes
place properly. Finally, based on a comparison of execution times, it can be concluded
that the proposed method, despite the additional computations required, still requires less
computational effort than variable time step simulation methods, indicating that the fixed
time step routines, with a proper treatment of discontinuities, have a definite

computational advantage.
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CHAPTERSS

CONCLUSIONS

5.1 SUMMARY

This thesis deals with the handling of discontinuities in fixed time-step simulation
programs designed for power system transient analysis. The more common methods are
summarized and compared. A new method is proposed, which is based on re-
initialization through interpolation and extrapolation. It assumes linear variations for
quantities within the main trapezoidal integration time-step during continuous conditions.
The proposed method has been extensively tested and shown to provide superior results

for the demonstrated cases to other available techniques.

5.2 CONTRIBUTIONS

The major contributions of this thesis are:

(1) A systematic presentation of existing techniques developed for dealing with

discontinuities.

(2) The development, implementation and validation of a new method to deal

with discontinuities.

(3) A detailed and critical assessment of and comparison between the existing

methods and the proposed method.
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It should be mentioned that any method developed to deal with discontinuities must not
target a particular topology, but behave equally well in arbitrary switching situations. To
the best of our knowledge and taking into account the extensive testing carried out, we

consider that the proposed method meets this requirement.

5.3 SUGGESTIONS FOR FUTURE WORK

Future developments can include application of the proposed algorithm to other power
system elements operating in a discontinuous environment, including non-linear

components, transmission lines, electrical machines, and control circuits.
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