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Real-Time Nonlinear Transient Simulation Based
on Optimized Transmission Line Modeling
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Abstract—This paper proposes an optimized transmission line
modeling (TLM) method for the real-time transient simulation of
systems with multiple nonlinearities. The proposed method allows
the simulation to be carried out with larger time-steps while main-
taining the accuracy. A detailed case study of a nonlinear bridge
circuit is presented to illustrate the advantages of the optimized
TLM method in comparison with other methods. The new formu-
lation is then implemented in real-time for the transient simulation
of the nonlinear bridge. Real-time simulation results are validated
by comparing them with experimental measurements. A second
case study includes a power system with several surge arresters
which is also simulated in real-time by the aid of the optimized
TLM method and verified using offline simulation.

Index Terms—TIterative methods, Newton-Raphson method,
nonlinear circuits, power system transients, real-time systems,
transmission line modeling.

I. INTRODUCTION

LECTROMAGNETIC transient (EMT) simulation of
E power systems including nonlinear elements is important
to assess the impact of such elements on system overvoltages.
Real-time transient simulation is necessary for. the design
and testing of protective relays and controllers in power sys-
tems. Representative scenarios of nonlinear behavior in power
systems include magnetic saturation, ferroresonance, surge
arrester transients, power electronic convertet switching, and
other nonlinear loads in distribution systems. Almost all of
the available offline nonlinear solution algorithms rely on an
iterative solution apptoach, which makes these algorithms
computationally expensive compared to'the numerical tech-
niques for solving linear systems. For real-time applications,
the iterative procedure must be completed within the specified
time-step «Of the transient simulation. Often the nonlinearity
is substituted by linear approximations to meet the real-time
computation constraint, although at the cost of reduced ac-
curacy of simulation. Therefore, efficient solution algorithms
with superior convergence and high accuracy for simulating
nonlinear elements in real-time are required.
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The Newton-Raphson (N-R) method is also widely used in
the offline simulation of nonlinear systems due to its quadratic
convergence. Techniques such as the Compensation Method and
the Network Equivalent’s Method [1] are implemented in EMT-
type programs to improve the efficiency of the N-R algorithm by
separating the linear part of the network from the nonlinear part.
In traditional EMT-type programs such as ATP, intentional time-
step delays were introduced to break nonlinear feedback loops
in auxiliary subroutines such as TACS [2]. These delays may
cause instability or deteriorate simulation accuracy depending
on the length of the time-step and characteristics of the non-
linear system. In [3], an N-R formulation is used for the si-
multaneous solution of control system nonlinear equations in
EMT-type programs.

A variety of relaxation techniques [4], [5] can also be applied
to improve the convergence and reduce the number of iterations
of the N-R method. However, one of the main limitations of
these methods for handling multiple nonlinear elements is that
a simultaneous solution of the whole or at least the nonlinear
equations of the system is required at each iteration. Therefore,
at each iteration, a new linear system with an updated Jacobian
matrix must be solved, requiring a large computational effort.
Also the choice of initial conditions has a great impact on the
convergence of the N-R method to the correct solution, and on
the speed of the simulation.

The transmission line modeling (TLM) method was origi-
nally developed by Johns and O’Brien [6] as an alternative tech-
nique for the time domain simulation of lumped networks con-
taining both linear and nonlinear elements. Later on, its appli-
cation was extended to the solution of linear integro-differential
equations [7] and power electronic circuits [8]. More recently,
the TLM technique has been used to solve finite element prob-
lems in [9] and [10]. The main advantage of using the TLM for
the solution of nonlinear networks is that it effectively decouples
the nonlinear elements from each other as well as from the linear
part of the network. The decoupling is achieved by connecting
the nonlinear elements through lossless lines to the network. The
delay time introduced by the lines allows an individual solution
using the scalar N-R method, rather than a simultaneous solution
of the nonlinear equations using the vector N-R method. This is
especially useful in real-time simulation because the solution of
individual nonlinear elements can be obtained much faster than
the simultaneous solution of the whole equation set [11]. The
travel time of the TLM lines does not affect simulation accu-
racy because the nonlinear equations are solved in the middle
of each time-step, and a global simultaneous network solution
with a constant admittance matrix is obtained at each time-step.
Therefore, the TLM approach is conceptually different from the
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methods based on intentional time-step delays between non-
linear elements and other parts of the system. Furthermore, it
is proven that the discrete formulation resulting from the TLM
method is mathematically equivalent to the Trapezoidal scheme
which makes the TLM model unconditionally stable [12].

In this paper, an optimized TLM technique for the real-time
transient simulation of circuits with multiple nonlinearities is
proposed. In this method, the individual nonlinear equations
are solved using a modified scalar N-R iteration based on the
golden section method [13], which minimizes the residual of
the equations within an iteration. It is shown that through the
combination of the TLM method and the modified scalar N-R
method, larger time-steps can be adopted for transient simula-
tion without losing accuracy of the solution. Therefore, the pro-
posed approach allows a true nonlinear solution in real-time,
whereas the existing commercial EMT-type simulators (either
real-time or offline) utilize a non-iterative pseudo-nonlinear so-
lution for the fundamental reason of excessive computational
burden. Offline comparison of the proposed method and three
other nonlinear solution algorithms, in terms of the CPU time
and the accuracy of the simulation, is presented for the case of
a nonlinear bridge circuit. The optimized method is then imple-
mented in real-time and real-time oscilloscope results are veri-
fied against the experimental measurements of the bridge circuit
for two types of loads. A second case study involving the appli-
cation of surge arresters in a power system is also simulated in
real-time.

The paper is organized as follows: Section II gives the back-
ground on the vector N-R method and the TLM modeling for
linear reactive and nonlinear resistive elements. The proposed
optimized TLM method based on the golden section search al-
gorithm is described in Section III. Offline and real-time simula-
tion results and the experimental measurements for a nonlinear
diode bridge are presented in Section I'V. Section V. presents the
second case study of a transmission system with multiple surge
arresters, followed by the conclusion in Section VI.

II.. BAGKGROUND

A. Vector N-R Method

The vector N-R solution of a nonlinear circuit involves the
simultaneous solution of all circuit equations in an iterative
manner. In this paper, this method is distinguished from the
scalar N-R method which is applied to individual nonlinear
equations only. In order to apply the vector N-R method, the
nodal equations of a nonlinear circuit should be written in the
form of

£(x) = 0. (1)

where x is the (IV x 1) vector of unknown nodal voltages.
Then, the first-order Taylor series of nonlinear functions f is
used to obtain the updated solution as follows:

ofT

k
a_X:| (Xk+1 _ Xk) -0 )

f(ka) ~ f(xk) + [
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Fig. 1. (a) Linear element. (b) TLM model. (c) Thévénin equivalent.

where xF#1 f(xFt1l), x¥ and f(x*) are the solution and
residual vector in the (k4 1)th and kth iteration, respectively.
[0f L/ 8x]k is the (N x N) Jacobian matrix of the nonlinear
system in the kth iteration.

Therefore, the vector N-R method reduces the nonlinear (1)
to a system of linear equations in each iteration which can be
solved using any linear solution algorithms. The iteration ter-
minates-whén the magnitude of the incremental vector (Ax* =
xk+1 —x*) becomes zero within a specified tolerance, or a pre-
specified maximum number of iterations is reached. For tran-
sient simulation of a nonlinear circuit, a suitable numerical in-
tegration technique such as the Trapezoidal Rule should be used
to discretize the temporal derivatives prior to applying the vector
N-R method.

B. TLM Method

The TLM technique can be used for replacing linear reactive
elements with their equivalent discrete models in time, as well as
for solving the nonlinear circuit equations within each time-step
of the transient simulation.

1) TLM Models for Linear Reactive Elements: The surge or
characteristic impedance of a lossless transmission line is given
as Zy = /L /C. Depending on the values of L and C, the line
can be made predominantly inductive or capacitive.

A linear inductor (L) is modeled as a short-circuited lossless
line with the surge impedance Z7, = 2L/At, where At/2 is the
one-way travel time of the voltage or current waves on the line.
Similarly, a linear capacitor (C') is modeled as an open-circuited
lossless line with the surge impedance Z¢ = At/2C. These
models are obtained from the DC behavior of a line with the
same termination.

TLM models and their Thévénin equivalents for a linear in-
ductor and a linear capacitor are shown in Fig. 1. From the
Thévénin equivalent of an inductor, the voltage across the in-
ductor at the nth time-step is given as

nUL = ZL : niL +2- nvi (3)
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Fig. 2. (a) Nonlinear element TLM model. (b) Thévénin quivalent.

where nvi is the incident voltage pulse and ,, %7, is the inductor
current, at the nth time-step. According to transmission line
theory, the voltage across the inductor (,,vz,) is also equal to
the sum of the incident pulse , v’ and the reflected pulse ,,v7,
ie.,

nUL = nlvi + n’UE~ (4)

For the short-circuit at the far end, the reflection coefficient is
—1. Thus, the reflected pulse ,,v7, will become inverted and act
as the incident pulse for the next time-step, i.e.,

) r 7
n+1V, = —nUp = 2V, — nVUL. (5)

Based on Fig. 1, similar voltage equations can be developed
for a linear capacitor. However, for a capacitor, the reflection
coefficient is 1, because the far end is open-circuit. Therefore,
the incident pulse for the next time-step is obtained from
n+100 = FnUc = p0C — VG- (6)

It can be shown that the TLM capacitor model has a small
associated inductance of Lc = A#?/4C.and that the TLM
inductor model has a small associated capacitance of €, =
At?/4L. A physical interpretation of these errors can be de-
rived by recognizing that real inductors do have stray capaci-
tances and that real capacitors also have stray inductances. The
parasitic components introduced by the TLM models are sim-
ilar to stray components in real inductors‘and capacitors.

2) TLM Model for Nonlinear Elements: Fig. 2(a) shows a
nonlinear resistor R,, connected by a lossless line, with the surge
impedance Z,, and one-way travel time At/2, to the rest of
the network. Its Thévénin equivalent is also shown in Fig. 2(b),
where the voltage source depends on twice the incident voltage
which is the open circuit voltage at the sending end of the line.
At the nth iteration, the network launches a pulse ,, v}, into the
link, which becomes an incident pulse on the nonlinear resistor
at At/2. A reflected pulse produced by the nonlinear element
becomes the next incident pulse n+1vfl on the network at At.
Let the nonlinear resistor be defined from a relationship between
its voltage and current, as follows:

Once again, using transmission line theory and (7), the fol-
lowing equation can be written at the sending end of the link:

nv;’;_n-l—lvft _f (
— Ju

Zu n'UZ + n+1vi) . (8)
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Equation (8) is a single nonlinear equation which can be
solved independently by a scalar N-R method to obtain the new
incident pulse (,,1v,). Similar equations can be developed for
other nonlinear elements in the network.

Although the choice of the surge impedance Z,, is arbitrary,
its value influences the speed of convergence. It should be
chosen close to the final value of R,, at convergence in order
to reduce the transient caused by the mismatch of the TLM
line. Of course, since this matched value is not known a priori,
reflections or iterations must continue until convergence to the
final solution.

C. TLM Network Solution

Consider a general electrical circuit N to which linear reac-
tive elements and nonlinear elements are connected externally.
Each of these groups of elements are represented using TLM
models, as previously described. The TEEM procedure operates
by transmitting pulses along the transmission lines. During the
delay introduced by the lines, the pulses remain constant. There-
fore, the overall modelis . discrete in time.

At time ¢t = 0, the sources will inject pulses out of the ports
of /. These pulses will travel along the lines, be reflected and
travel back towards A/, At time ¢ = At, the pulses will be in-
cident upon N and will scatter into all the ports of N'. These
reflected pulses together with new injections from the sources
are again launched into the lines and the process repeats. To
maintain synchronism, all lines are assumed to have the same
round-trip travel time At.

Let the incident and reflected pulses at time ¢ = At be given
as

i

WV = [ah vl o]

©))
(10)

i
nlvk

r nvE]T .

2V = [nv] nvh ...

The network solution in terms of the nodal voltages ,, v at the

nth time-step is obtained by solving

=Y, 1T (11)
where Y and ,,Z are the nodal admittance matrix and the equiv-
alent nodal source vector of the network at the nth time-step,
respectively.

Then, the reflected pulses are calculated from the fact that the
sum of the incident and reflected voltage pulses at a node must
equal the nodal voltage. Thus

Vi =A,v— nvi (12)
where A is the reduced incident matrix.

The reflected pulses now travel back on the lines and the new
incident waves for the next step are obtained from the individual
solutions of (5), (6), and (8) for different elements.

If there are multiple nonlinear elements connected to the
network, the TLM procedure advances to the next time-step
only when the individual solutions for all nonlinear elements
have converged in order to maintain synchronism. For a vector
N-R solution, Y ~! in (11) must be calculated at every iteration.
However, in the TLM solution, Y remains constant for all
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iterations since its entries are only dependent on the surge
impedances of the line sections and other linear elements of the
network; hence, a unique inversion of Y is required only at the
beginning of the simulation.

D. TLM Iterations

In the applications of the TLM technique to solve nonlinear
electromagnetic problems, iterations are usually carried out at
both the local and global levels [9], [10]. The local iteration is
based on the scalar N-R method to obtain the solution of the
individual nonlinear equations. The global iteration consists of
repetitively solving (11) due to the mismatch of surge imped-
ances of the TLM lines. Therefore, two different convergence
criteria should be defined for the local and global levels. Typi-
cally, the local convergence criterion is set to be less strict than
the global one to speed up the solution process [14]. On the
other hand, when applying the TLM method to nonlinear cir-
cuit simulation, it is possible to exclude the global iteration by
using a strict convergence criterion for the decoupled individual
equations [15]. In this way, the global system of (11) is only
solved once in each time-step. Once the convergence is reached
for all individual nonlinear equations, the simulation proceeds
to the next time-step. The optimized TLM algorithm which is
described in the next section is based on a single iteration of
the global equation. Nevertheless, the numerical results of both
single and multiple iterations in the global level are presented
later for the purpose of comparison.

III. OpPTIMIZED TLM ALGORITHM

Once the equations of the nonlinear elements are decoupled
from each other and the rest of the network by applying the TLM
method, it is necessary to use a proper nonlinear solution algo-
rithm for the individual equations. Up to now, the scalar N-R al-
gorithm is usually used for the solution of decoupled nonlinear
equations [9], [10], [15]. In this méthod, the solution of the kth
nonlinear equation in the nth iteration can be written as

n-T]c — nflxk - (nfljk)_l f (nflxk) (13)
where z is the solution, .J is the-Jacobian, and f is the residual
of the kth nonlinear equation.

However, if the initial guess is not sufficiently close to the
solution, the Newton iteration may converge at a slow rate, os-
cillate, or even diverge for some nonlinear elements. The slow
convergence rate results in an excessive number of iterations and
CPU time. In circuit simulation, this slow convergence rate usu-
ally happens when the nonlinear characteristic of elements has
a fast and monotonic derivative (e.g., diodes) [16].

To avoid convergence problems and reduce the number of
local iterations, an independent relaxation factor can be applied
to each of the scalar N-R solution of the individual nonlinear
equations. Therefore, in the optimized TLM method, (13) is
modified as follows:

nxk = nflark - nalgpt' (nfle)_l f (nfl‘Tk) (14)
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where o, is the relaxation factor for the kth nonlinear equation
in the nth iteration.

The value of the relaxation factor for each element is deter-
mined by performing a one-dimensional optimization along the
Newton update direction of that element. The objective of this
optimization is to find a relaxation factor which minimizes the
absolute value of the residual (|f|) of the nonlinear equation
in each iteration. While different types of optimization tech-
niques can be used to find the relaxation factor, the golden sec-
tion method [17], which is a kind of linear search method, is su-
perior from the standpoint of the CPU time and the number of
function evaluations. The method works by defining four points

Amin < 01 < @2 < Qmax (15)
which satisfy the following conditions:
|f ()| < [f@min)[5 1 ()] < 1f (max)|
| fa2)| < | f(amin)] > [flao)] < |f(amax)]. (16)

Qnin-and O, q, are arbitrary positive numbers defining the
search interval. The above conditions ensure that a minimum of
| /] lies in the interval between iy and aupax. a1 and o are
given as

Q1 =CQiin 1 (1 - C)ama)u g = (1 - C)amin + COmax (17)

where ¢ = ((—1 + v/5)/2) =~ 0.61803.
Then, the function | f| is evaluated at a; and ao. If | f ()] <
| f(c2)], the new search parameters are calculated as follows:

new __ new __
Qnax = 2, (g =
new

new
Xnin = Qmin, O = CQmin + (1 - C)OCQ.

(18)

If | f(a1)] > [f(a2)

, the new search parameters are given as

new new

Hhax = Cmax; ¢ = Q2

new __ new __
anty =qy, ai®™ = (1 — c)ag + cmax-

(19)

Either way, the width of the bracketing interval will diminish
and the location of the minimum of |f| will be better defined.
The searching procedure stops when the size of the bracketing
interval becomes less than a specified tolerance, and then o or
«vg 1s substituted in (14) as nafpt. The flowchart of the search
method is shown in Fig. 3. It can be shown that a constant op-
timal reduction factor of c in the size of the search interval is
guaranteed by the golden section search method.

The golden section method is already used in the vector N-R
solution of nonlinear equations. In that case, usually a single
relaxation factor is applied to all directions of the incremental
vector to minimize the Lo norm of the residual vector [4]. How-
ever, as will be shown later, the optimized values of the relax-
ation factors for different nonlinear elements may vary from
each other considerably. The decoupling property of the TLM
method provides a convenient way to perform optimization on
individual equations. In this manner, the full power of the golden
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Fig. 3. Flowchart of the golden section search method.

section method can be exploited to reduce the.number of itera-
tions. Also the bracketing interval of the golden section search
can be chosen in a way to allow both underrélaxation (o < 1)
and overrelaxation (o > 1) factors in the optimization. This is
simply achieved by defining the value of a,ax higher than 1. It
is later shown that the optimized value of « for some nonlinear
elements may be located in the overrelaxation region during the
transient simulation while for the other elements underrelax-
ation factors are required.

IV. CASE STUDY I-—NONLINEAR BRIDGE

To compare the performance of the above methods, a non-
linear bridge circuit, shown in Fig. 4(a), is used as a case study.
The circuit contains four diodes, which are considered as non-
linear resistors (R, k = 2, 3, 5, 6), three linear resistors (R,
Ry and R,), one linear inductor L, one independent voltage
source ¢(t), and a load Z),,4. The diodes are characterized by
the equation i,, = I [e"*/V" — 1]. With such characteristics, the
operation of the bridge is similar to that of a full-wave diode
rectifier. Two kinds of loads (Zjoad), i.e., resistive-inductive
(RL) and resistive-inductive-capacitive (RLC), are considered
for the simulation, as shown in Fig. 4(b). The numerical values
of the circuit parameters are given in Table III in the Appendix.
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Rs Cy
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Fig. 4. (a) Nonlinear diode bridge. (b) Zioq4-

A. Vector N-R Solution

The vector N-R problem is to find X € R? such that

f(x)=0, f:R®—R? (20)
where x = ['U2 V3 ’U4]T and f = [f2 f3 f4]T.

In the case of the RL load, the nonlinear nodal equations of
the bridge are obtained by replacing the series R L elements with
their discrete equivalents using the Trapezoidal method. In this
way, only three independent nodes (2, 3, and 4) remain in the

circuit. Then, KCL is applied to each independent node to obtain

vg(t)—va(t) va(t)—va(t)
fo=I;le V7 —1)—-I;|le V7 -1

+ Ay (6(t) — ’Uz(t)) + AQIhLl(t — At)
fs = — Ral, <e—”3“)v$2“) - 1) — Rul, (e e 1)
+ (va(t) — v3(t)) — RaAs (v3(t) — va(?t))

2n

— Rulnra(t — At) (22)
va(t)—vya(t) —vg(t)
.f4 :R4Is (eT - 1) + R4Is <€ Vro — 1)
— (va(t) — v3(t)) + RsAs (vs(t) — va(t))
+ Rylpra(t — At) (23)

where A1, Ao, and A3 are constant coefficients. 15,11 and I, 1,2
are history currents sources.

For the simulation of the RLC load [Fig. 4(b)], discrete
equivalent of the RC branch is also included in the nodal
equations of f3 and fj.

The solution of (20) is given as

xFH = xb — o (x") (24)
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where J and « are the Jacobian matrix and the relaxation factor,
respectively.
The convergence criteria for the vector N-R iteration is de-
fined as
|x*+1 — x*|| < e, and ”f(xk'H)” <ey (25)
with €, and €5 set at 10~5. Maximum number of iterations for
the vector N-R solution is limited to 30.

B. TLM Solution With Scalar N-R

For the RL load, five nodal voltages are considered as the
variables of the circuit. The nodes include four external ones
as shown in Fig. 4 and one internal node (node 5) between the
resistor and inductor of the load. The TLM model for the non-
linear bridge is obtained by first replacing the voltage source (e)
and series resistors ( Rs + R;) by a Norton equivalent. Then L,
Ry (k= 2,3,5,6), and the load inductor L are substituted by
their individual transmission line sections and subsequently by
their Norton equivalents. The characteristic impedances for the
lines are Zr1 and Z o for the inductors, and 73, (kK = 2, 3, 5,
6) for the diodes. At each time-step the TLM solution executes
(11) and (12), where

i _ i i i i i i
V' = [WVT1 nV5y w03y n Uy V6w nVT2] (26)
B S(t) _ 2”541
(Rs+R1)  Zrpy
207, . 2v5, - 23,
Zrn  Zau | Z3u
I-= 20y, _ 2v5, ) ©5))
. Zou . Zsu .
211_;731! . 205, _ 20}
Z3u Z6u Zr2
207,
- Zr2 =

In addition, within every time-step, the new incident pulses
n+1v};u, (k = 2, 3,5, 6) are obtained by solving the following
equations of the nonlinear resistors (diodes) independently:

- 1) . (28)

Three different schemes for the TLM solution are imple-

mented and compared with.each other, as follows:

1) TLM solution with multiple global iterations: In this
scheme, the global system of nodal (11) is solved sev-
eral times within each time-step until the convergence is
achieved or the number of iterations reaches its maximum
allowed value. The global convergence criterion is defined
as

(noputnsa®i,)

nVky —n+1 Uy = Tl (e =

[|xF 1 — x¥|| <1075, (29)
In this scheme, the individual local nonlinear equations are
solved by the scalar N-R method and the convergence crite-
rion for local equations are set to be the same as the global
one (e.g., 107°).

2) TLM solution with a single global iteration: In this
scheme, the global system of nodal (11) is solved only
once within each time-step. The individual local nonlinear
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equations are solved by the scalar N-R method and the
convergence criterion for local equations is set to be
|2t —af| <107 i=1,2,3,4. (30)
3) Optimized TLM solution with a single global iteration:
In this scheme, the global system of nodal (11) is solved
only once within each time-step. The individual local non-
linear equations are solved by the relaxed N-R method. The
value of the relaxation factor for each nonlinear equation is
obtained by performing a golden section search algorithm,
as already described. The convergence criterion for local
equations are set to be
bt gkl <1070 i=1,2,3,4. (31)
The same formulation is also used for the RLC load, except
that in that case, an extra internal node is defined between the
series resistor and capacitor, and the TLM model of the capac-
itor is also included in the circuit equations.

C. Offline Comparison

The offline simulation of the nonlinear bridge by the use of
the vector N-R and the TLM algorithms was carried out for
different time steps. A comparison of the results is then made
based on the criteria of convergence (number of iterations), ac-
curacy (RMS error) and CPU time requirement. All methods
were coded in MATLAB and executed on a Pentium 4 2.8-GHz
processor. Under AC steady-state conditions, Figs. 5 and 6 show
the percentage RMS error in the output voltage (v, = v4 — v3)
and CPU time, for a simulation of 0.09 s of the RL load. All
methods start from zero initial conditions with the cosine ex-
citation of the voltage source. The simulation time-step At is
varied from 5 ps to 1000 us.

To avoid the convergence problem in the vector N-R method,
a constant underrelaxation factor of 0.1 is applied to the solu-
tion. However, as can be seen in Figs. 5 and 6, the vector N-R
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simulation results show a relatively large and constant steady-
state error (around 100%) in the output voltage and also need
a large CPU time to complete the simulation for all time steps.
This is mainly due to the sensitivity of the vector N-R method
to the initial conditions. For a cosine excitation, the zero ini-
tial condition is far from the solution; therefore the vector N-R
method converges to a wrong solution (or even diverges) in
both transient and steady-state conditions. A large and constant
steady-state error of about 30% is also present in.the simulation
result for the TLM with multiple global iterations.

On the other hand, no convergence problem occurs with any
of the two TLM methods with a single global iteration for dif-
ferent time-steps. It is also found that the number of N-R.iter-
ations in the optimized method is always less than. that of the
other TLM methods. From Figs. 5 and 6, it can be seen that for
small time-steps, the TLM with a single global iteration is su-
perior in terms of the CPU time while its error is slightly higher
than that of the optimized TLM method. Therefore, the time
requirement for performing the golden section search method
exceeds the time-saving from the reduction in the number of it-
erations for small time-steps. However, as the time-step of the
simulation is increased,-at-a certain point (At = 130 us in this
case) the TLM method with a single global iteration begins to
take more CPU time than that of the optimized TLM method,
and its error also drastically increases over 10%. This is while
the maximum error of the optimized method is 2% for the RL
load for all time-steps. The large difference in the error of the
two methods can be seen from Fig. 5. Similar results are also
observed for the bridge with the RLC load. It can be concluded
from the simulation result that the optimized TLM method with
a single global iteration has the best performance in terms of the
accuracy and simulation time among the different nonlinear so-
lution algorithms for both small and large time-steps.

Fig. 7 shows the optimized relaxation factors for Ry, (diode
1) and R3,, (diode 2) during the first iteration in each time-step
of the transient simulation with the time-step of At = 300 us.
As can be seen, although both relaxation factors follow a sim-
ilar pattern due to the symmetry of the circuit, their instanta-
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Fig.7. Optimized relaxation factors for R-,, and R3, during the transient sim-
ulation of the RL load.

neous values differ from each other considerably. Therefore, it is
necessary to perform.the optimization on each decoupled equa-
tion separately. Also it is obvious that the optimized value of
a may be-located in underrelaxation or overrelaxation regions
depending on the instant of simulation. The maximum value of
the overrelaxation factor is limited to 3 for the nonlinear bridge
due to the risk of instability with larger relaxation factors.

Simulation results show that the value of optimized relaxation
factor normally becomes very close to 1 after the first or second
iteration due to the proximity to the final solution when no re-
laxation factor is required for the remaining iterations. There-
fore, without losing the generality of the proposed approach, the
golden section method can be applied to only the first two iter-
ations of each nonlinear equation. This simplifying assumption
is not used here to have a general and unconditional comparison
of the proposed method with other nonlinear algorithms.

Based on the simulation results given above, it is concluded
that the optimized TLM method with a single global iteration
provides more flexibility in selecting larger time-steps for the
simulation, and therefore, it is the best option for real-time ap-
plications.

D. Real-Time Simulation

To obtain the time-domain simulation results of the nonlinear
bridge, the optimized TLM method was coded in the C lan-
guage and embedded as a dynamically linked program (S-func-
tion) in the MATLAB/SIMULINK environment. The real-time
simulation of the bridge was carried out on one target node of
a PC-cluster-based real-time simulator [18] using a distributed
real-time software package known as RT-LAB [19]. The target
processor is a 3.0-GHz Intel Xeon. Real-time simulation results
are observed through an oscilloscope connected to the I/O termi-
nals of the target node. To include the voltage source distortion
in the simulation, the supply voltage of the experimental setup
was sampled and used as the input in the real-time simulation.
All the real-time simulations are performed using a time-step of
At = 40 us.

Fig. 8(a) shows the transient responses of the input (e) and
output (V,) voltages and the load current (7;,,4) as defined in
Fig. 4 for the RL load. As can be seen, the rectified output
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(b)

: idiv,
(d) T

Fig. 8. (a) Real-time results for e (200 V/div.), V,, (50 V/div.), and ;544 (0.33 A/div.)for the R.L load with a 40 us time-step of, x-axis: 0.01 s/div. (b) Real-time
results for V,, (50 V/div.), and ¢;,4q (0.133 A/div.) for the RLC' load with a 40 s time-step, x-axis: 0.004 s/div. (c) Experimental results for the RL load. (d)

Experimental results for the RLC load.

TABLE I
FREQUENCY COMPONENTS OF THE OUTPUT VOLTAGE
AND THE LOAD CURRENT FOR CASE STUDY I

RL Load RLC Load
f Real-time | Experiment | Real-time “| Experiment

(Hz) (\2] V) (mA) (mA)
DC 20.20 19.20 440 424

120 18.70 18.50 28 30

240 - - - -

360 3.40 3.46 18 17

480 1.00 0.96 - -

600 1.00 0.95 8.8 9.6

voltage is almost one third of the input voltage due to the large
voltage drop across the supply resistor 42;. Also when the ab-
solute value ofthe input voltage e is small, the load inductor
current closes its path through the upper (lower) diodes of the
bridge. This produces a small negative voltage (—2.7 V), which
is equal to twice that of a diode voltage drop, across the output
terminals. The large load inductor draws a smooth steady-state
load current with a DC value of 0.46 A and a small ripple of
0.03 A (peak to peak). The real-time simulation time-step can
be increased up to At = 1000 us while the error remains less
than 2% owing to the use of the optimized TLM method.

Fig. 8(b) shows the steady-state responses of the output (V)
voltage and the load current (41044) for the RLC load. In this
case, the output voltage is almost identical to that of the RL
load. However, the capacitive branch draws a current which
is nearly proportional to the derivative of the output voltage.
Therefore, the general shape of the load current waveform is
considerably different from that of the R L load with a DC value
of 0.44 A and a ripple of 0.16 A (peak to peak).

The execution time for the real-time simulation (7.162 us) is
less than 18% of the total step-size (40 us). This means that a

Fig. 9.

Transmission system with surge arresters.

large time margin is available to increase the number of non-
linear elements in the system and the number of hardware I/Os.

E. Experimental Results

In order to verify the real-time simulation results, an experi-
mental setup of the nonlinear bridge was implemented. Fig. 8(c)
and (d) shows the time-domain responses of the R and RLC
loads, respectively, obtained from the experiment. It can be seen
that the simulation results are in close agreement with the exper-
iment. For the RL load, the discrepancy between the simulation
and measurement is very small for all parameters. In the case
of RLC load, the predicted value of the minimum load current
(0.373 A) is slightly higher than the measurement (0.320 A).
This is mainly due to the large sensitivity of the capacitor current
to small variations in the output voltage which requires a very
small step size for the simulation. Furthermore, the neglecting of
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Fig. 10. (a) Real-time transient overvoltages across series capacitors. x-axis: 0.02 s/div, y-axis: 200 kV/div. (b) Real-time transient surge arrester currents. x-axis:
0.01 s/div, y-axis: 10 kA/div. (¢) Real-time transient overvoltages across the shunt compensators. x-axis: 0.02 s/div, y-axis: 1000 kV/div. (d), (e), (f) Corresponding

offline simulation results.

stray circuit components.and the approximate diode model used
in the simulationcan contribute to small discrepancies. Apart
from this, the general shape of the simulated load current and
voltage and their numerical values match very closely with the
experiment.

For the purpose of comparison, major frequency components
of the output voltage (V) for the RL load and the load current
(10aa) for the RLC load, obtained from the real-time simula-
tion and the experiment, are shown in Table I. As can be seen,
the frequency components of the real-time simulation and ex-
perimental results are very similar to each other. Small discrep-
ancies are observed which are mainly due to the error in the mea-
surement of the circuit parameters used in the simulation. Also
the difference between the sampling rate of the oscilloscope and
the real-time simulation time-step may result in a small devia-
tion of the frequency components in the simulation results from
that of the experimental ones.

V. CASE STUDY II-—SURGE ARRESTERS
IN A TRANSMISSION NETWORK

This case study consists of a 735-kV transmission system
feeding a load through a 100-km transmission line. The line is
series compensated at the sending end and shunt compensated at
its receiving end. Both series and shunt compensators are pro-
tected against overvoltage conditions by using surge arresters.
The schematic of the transmission system is shown in Fig. 9.

The physical transmission line in each phase is modeled by
the Bergeron line model. The arresters are highly nonlinear re-
sistors characterized by

) B

o
Irsf B

where (3 is the exponent, I,.r and V,..; are arbitrary reference
values which normalize the equation. In this case study, 3, V;..

v
eref

(32)
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TABLE II
FREQUENCY COMPONENTS OF RESULTS FOR CASE STUDY II

Vsa1 1SA1 Vsaz
Real- | Off- | Real- | Off- | Real- | Off-
f time line time line time line
Hz) | V) | kV) | kA) | kA) | (KV) | (kV)
DC 64.7 64.1 - - - -
60 78.8 79.2 5.45 5.54 562 566
180 8.42 8.44 243 2.33 - -
300 2.05 2.14 0.78 0.74 - -
420 - - 0.5 0.53 74.9 72.3
540 - - 0.36 0.34 - -
900 - - - - 3.64 3.56

(for SA;, SA3, and SAj), V,er (for SAg, SA4, and S Ag), e ¢
(for SA1, SAs, and SAs), and I, 5 (for SAs, SA,, and S Ag)
are 9, 185 kV, 1081 kV, 15 kA, and 1 kA, respectively. All the
network parameters are listed in Table III in the Appendix. The
system is energized at tg = 0 s, followed by a three-phase fault
at the load terminals at ¢4 = 0.03 s. The fault is cleared by
circuit breaker (C'B; to C'B3) opening at to = 0.1 s.

The three-phase power system includes 19 nodal voltages and
six nonlinear elements (surge arresters S A; to S Ag). The opti-
mized TLM algorithm with a time-step of At = 50 us is used
for real-time simulation of the network.

Fig. 10(a) shows the transient response of voltages across the
surge arresters S A7, SAs, and S A5. When the three-phase fault
is applied at the load terminals, series capacitor voltages in-
crease resulting in the conduction of arresters in parallel with the
capacitors. The arrester conduction limits the maximum over-
voltage across the capacitors to 180 kV (peak) compared to 755
kV (peak) without the arresters. Large nonlinear currents are
drawn by the arresters during the conduction time, reaching‘a
peak of 12.5 kA in phases A and B, and —13.3 kA in phase
C, as shown in Fig. 10(b). Once the fault is cleared, the capac-
itor voltages slowly damp to a.small value because the load is
disconnected from the power system. Voltages across the shunt
surge arresters S Ao, S Ay, and S Ag are depicted in Fig. 10(c).
These voltages are zero during the fault as expected. After the
breaker opening, overvoltages at the shunt compensator termi-
nals are limited by the conduction of these arresters to a max-
imum of — 1200 kV in phase B compared to —1930 kV without
the arresters.

All of the above real-time results have been verified using
an offline SimPowerSystems model in Matlab/Simulink. The
time-domain results from the offline model are depicted in
Fig. 10(d)—(f) and are similar to the real-time results. The major
frequency components of vg 41, ¢541, and vg 42 obtained from
real-time and offline simulations are given in Table II. The data
window of DFT for each signal is adjusted to capture the whole
period of the transient.

The optimized TLM algorithm allows pre-computation of
network admittance matrix and its inverse, as the nonlinear
surge arresters are replaced by their equivalent transmission line
sections. This results in a considerable time saving compared
to the vector N-R method which requires dynamic inversion of
the Jacobian matrix (19 x 19) during the course of simulation.
The optimized TLM method ensures that the minimum number
of local iterations are preserved in each time-step with a total
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TABLE III
DATA FOR THE CASE STUDIES
Case Study I Parameters Values
Rs, R1, R4, Zkn 502, 167.4€2, 2972, 10082
Ly, w 1mH, 377rad/s
e(t) 165 cos(wt)
I, Vi 3x1074A, 0.2172V
Zloadl (44.2 + j904.8)2
Zload2 Zioad1 || (80.1 - j914.66)2
Case Study Il Parameters Values
Base values 735kV, 60Hz
Short circuit impedance (Z5) (3.6 + j36)Q2
Series compensator impedance (Zs) -j26.2Q2
Transmission line resistance 0.01Q2/km
Transmission line inductance 0.87mH/km
Transmission line capacitance 13.41nF/km
Shunt compensator impedance (Zsp,) (8.18 + j1636.93)Q2
Load impedance (Z;54q) 270.11Q
B 9
Viey for SA1, SA3, and SAs 185kV
Vies for SAz, SA4, and SAg 1081kV
[ref for SAL SA3, and SA5 15kA
Ics for SAz, SAy4, and SAg 1kA

computation time of 30 ys out.of At = 50 us. The large idle
time present in each time-step shows the possibility of modeling
even larger systems in real-time with more nonlinear elements.
The SimPowerSystems model was also tested in real-time;
however, a large number of overruns (violation of specified
time-step) were observed during the course of simulation.
This clearly-Shows the advantage of using the optimized TLM
method for real-time applications.

VI. CONCLUSION

Accurate transient simulation of systems with multiple non-
linearities is challenging in real-time because of the need to
perform a simultaneous iterative N-R solution. This paper pro-
poses a method which effectively breaks the problem into in-
dividual nonlinear elements using transmission line modeling
(TLM). This has the advantage of dealing with the nonlinear-
ities individually using a scalar N-R iterative scheme, thereby
increasing computational efficiency. The TLM algorithm is fur-
ther optimized using the golden section search method. The op-
timized TLM method allows the simulation to be performed
using larger time-steps compared to other nonlinear solution al-
gorithms, while also maintaining the accuracy within reason-
able limits. A detailed case study is carried out on a nonlinear
diode bridge to show the accuracy and efficiency of the algo-
rithm. Real-time simulation results show close agreement with
experimental measurements. A second case study of a transmis-
sion system with multiple surge arresters is also simulated in
real-time using the optimized TLM method.

APPENDIX
Table III lists the date for the case studies.
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