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Abstract: In this research, the concept of nonlinear transfer function with nonlinear characteristics
is introduced through the multidimensional Laplace transform and modal series (MS) method.
The method of modal series is applied to the power systems dynamics analysis in order to consider
nonlinear oscillations and modal interactions, which contribute to the response of the system’s
dynamic following disturbances. The method of MS allows the inclusion of input excitation functions
obtained as Laplace domain kernels superposed to obtain a transfer function. Applying the Volterra
series expansion through kernels decomposition, a transfer function with nonlinear characteristics
is obtained which incorporates some of the main modal characteristics of the nonlinear system.
Following the same schematic procedure, it is possible to determine second and higher order
transfer functions. Once the transfer functions both linear and with nonlinear characteristics are
determined, a time domain and frequency response analyses can be performed. The methodology is
exemplified by denoting the numerical and analytical properties with the application to a synchronous
machine-infinite busbar test power system and to a three synchronous machines—nine buses test
power system. Bode and Nyquist analysis are utilized to demonstrate the transfer functions accuracy
and frequency response.

Keywords: nonlinear transfer function; modal series; multidimensional Laplace transform;
forced response power systems

1. Introduction

The transfer function is a concept normally utilized in control systems defined as the relationship
between the Laplace transform of an output variable with respect to the Laplace transform of an
input variable [1,2]. On the other side, practical applications of higher order models in different
areas of practice engineering have been researched covering novel specialties [3], i.e., integrated
circuits and micro-systems, civil engineering, aero-space, vibration problems, microelectromechanical
systems (MEMS), among some others. Of course, in the field of practical engineering applications of
nonlinear and higher order models are the power systems and some of the problems presented in
their operation, such as nonlinear oscillations. The concept of transfer function has been extended
to the study of power systems with many contributions to related issues such as matching nonlinear
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problems [4], dominant poles calculation [5-10], dominant zeros calculation [11], multivariable transfer
functions [12], and transfer function identification in power systems [13]. The realization theory is
the main technique so developed in order to obtain a kind of linear transfer function of nonlinear
systems [14,15], and applied to nonlinear discrete time systems [16,17].

The concept of nonlinear transfer function has been introduced by several authors; e.g., in the
research by Leon Chua [18], he initially obtains explicit and recursive formulas thus representing
n'h order transfer functions considering a nonlinear system, in that case, a nonlinear circuit.
Halas introduced formally the concept of the nonlinear transfer function [19]. Nonlinear transfer
functions of nonlinear systems are applied by considering the existence of descriptions between
input-output and they can be represented by algebraic methods.

The obtained nonlinear transfer functions due to the general concept of transfer function
must satisfy some of the main properties provided by the expected transfer function; for example,
the nonlinear system is characterized uniquely, since a description of a system is provided under the
framework of input-output of the system by using linear algebra techniques in such a way that allows
the combination of series, parallel or feedback connection systems.

Some other techniques have been explored in order to obtain and interpret the nonlinear transfer
functions. The Krylov subspace method is based on model order reduction and proposed to represent
a nonlinear system from a bilinear system [2]. Through block oriented nonlinear systems, a dynamic
system can be analyzed by using linear approximations and identification algorithms [20]. An analytical
function expressed as a sum of nonlinear functional expansions is proposed as Laplace—Borel transforms
and then applied to obtain transfer functions from nonlinear systems of nth order [21].

Without any doubt, Volterra series expansion theory is behind of almost each contribution on
nonlinear transfer functions. Specialized research has been oriented to specifically describe nonlinear
systems and applications on input—-output characteristics in engineering using Volterra series [22].
In this contribution, the authors have taken some of the extensive work of Volterra and its applications
to the proposed formulations.

The natural response characteristics of transfer functions depend on the location of the system
poles in the complex plane [23]. This is very important in applications like those described in this
research, with orientation to power systems analysis. Additionally, the pole dominance can be observed
through Bode magnitude plots. The importance of determining dominant poles arises in obtaining
an effective transfer function which only includes the fractions between residues and the so found
dominant eigenvalues. Modal analysis normally consists of the computation of these dominant poles
(modes) of the dynamic system and in the determination of their nature and sensitivities [23].

Regarding the nonlinear dynamic system analysis, the modal series method is based on the
closed form solution of a homogeneous nonlinear dynamic system [24-26]. The method possesses
characteristics to model a nonlinear system as a decoupled linear system based on a Taylor series
expansion of the original system taking the properties of modal contributions and their interactions.
It is possible to assume an arbitrary input signal to the dynamic system and following the same
systematic procedure, to obtain a closed form solution that incorporates control variables [27]. An earlier
proposition of forced response in the modal series method has been presented [28]. This research took
some of the initial fundaments of that document.

This paper will introduce the application of the multidimensional Laplace transform [29-31],
which expresses the contribution of both linear and nonlinear terms through Laplace domain kernels,
thus leading in a direct path to the inclusion of higher order terms following the same rules of linear
transfer functions. Also, taking advantage of the residue theorems, multidimensional Laplace kernels
are expressed in the form of partial fraction expansions where their residues are directly available [30].

The document is organized as follows: Section 2 describes the basis of the modal series method
from definition of a nonlinear dynamic system, then linearized through a Taylor series expansion
and transformed into a Jordan canonical form; afterwards, each decoupled term is converted to
the multidimensional Laplace domain which allows in conjunction with a forced response and
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Volterra series definitions the obtainment of transfer functions with nonlinear characteristics; Section 3
exemplifies a detailed application of the methodology previously described, with a low dimension
power system (Synchronous Machine-Infinite Busbar) which shows step by step the process to obtain
linear and nonlinear transfer functions. Time domain response, frequency content and Bode analysis
are performed. Section 4 deals with a multimachine test system (New England benchmark power
system) where the theory of modal series is applied to obtain transfer functions of a kind of multiple
input-multiple output (MIMO) system and performing Bode and Nyquist analysis to describe the
main properties of the system. Finally, conclusions of the paper are drawn and detailed in Section 5.

2. Modal Series Forced Response

2.1. Linearization Process

Considering a nonlinear time system described as,

x = f(xu) @

where x € R" is the state vector and u € R" the input vector. The function (1) is continuous and
differentiable. The linearization process of the nonlinear set of differential equations is achieved by a
finite Taylor series expansion, which expresses the state variables in terms of first, second, etc. coupled
order system plus input function u, that is,

. 1 1 .
X = Ax+ 5 H2x + §H3x+O<|x| )+ Bu @)

where A is the Jacobian matrix (first order partial derivatives) A; = (%) , Hk are the kth partial

Xsep

) 2 . 3
derivatives of function f, i.e., H2;d = (M) ,H3, = ( 9 J; ) , O(|x|4) represents the higher

9x1.0x] Hsep klm 9x1.0x19m Yoop

order terms from 4th and B = (df;/du;) is defined for i = 1, 2, ..., n and valued in the stable
equilibrium point xse.

Since Equation (2) is a linearized but coupled system, a linear transformation like Jordan canonical
form is used in order to express a new system with uncoupled linear and nonlinear characteristics.
If x = Uy where U are the right eigenvectors from the state matrix A in Equation (2), the Jordan
canonical form system is,

n n n n n m
1= A+ Y Y et Y Y Y Dpypyaye + -+ Y bt @)
k=11=1 p=1g=1r=1 i=1

with initial conditions y? = Yjor j=1,2,...,nand

SR @

D] :1 Y Y Y H3] P.Q R 5

par 62 Z Z kimMp g tr ®)
P=1Q=1R=1

The notation of ug is the element at pth row and Pth column of U. The last term of Equation (3)
represents the control variables. This term is reduced to b jiti when a single input-single output (SISO)
system is under study; on the other side, the term is the summation assuming a multiple input-multiple
output (MIMO) system of number m.
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2.2. Time Response under Impulse Function Input

As it was explained above, the method can be generalized to incorporate the effect of arbitrary
excitations on the dynamic system. Since the output function is the result of each individual term from
the Taylor series and Jordan canonical form, the complete function has the form in accordance with a
Volterra series, that is [27],

=Y AV Y Y by (6)

The system now is expressed by considering the individual and uncoupled terms. Please observe
that for this case, the input function has influence in the first order term due to the nature of the exciting
function. However, the second, third and higher order are linked with the input function resulting in
an influence over the rest of the terms. Additionally, this result explains the modal interaction between
linear and higher order terms. Thus,

y :/\jyj—kﬁjuj, (7)

- /\Jy] +chk1ykyl’ (8)
= Ay} +ZZC vew + vy | ZZZDPWV;%%V}' ©)

k=1 I= p=lg=1r=

Applying the Laplace transform to Equations (7)—(9), we have,

" b Y;(0) "
i(s1) Sy (s1) = Py (10)
n n 1 .
Y]Z(sl,sz) = —————CLY(51)Y] (52), (11)
=1 1=1 (51 +52- /\f)
n n .
3 _ 1 i [y2 1 1 2
Vleususn) = % oo Gul Vi)Y ) + Y (1) Y s2r50)] .
n n n 7
— 1 D 1
+p§1 q§1 & G t) Dl [p (61 Y5 (52)Y; 53]
where 10)
Y (0
1 _ Tk
Y, (s1) = oy LG Vi W (13)
b Y} (0)
vl = u - 14
1 (s2) S (s2) S (14)
1
YZ S],Sz C Yk 51 Yl 52) . (15)
Z‘Z “ (s1 452 = A7) (51 = A) (s2 = Ay)
To illustrate the proposed method, consider the case of an impulse function u;(t),
uj(t) =0o(t) = U(s) = 1. (16)
From Equation (10),
B Y1(0)
Yis)=—L -1 (17)
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Obtaining the time domain solution by applying an inverse Laplace transform results in,

yj () = (bj -y} (0)eM. (18)

Following the same procedure, it is possible to obtain the Laplace domain kernel of second order
term, i.e.,

1 S .
Yi(s1,52) ZZC]{ sl+52—/\]~) (Sl_Ak)(SZ_Al>[bkb,—ka}(o)—blY;(O)—Y,t(o)yll(o)]}. (19)

When multidimensional Laplace domain kernels N;(s1, sp) are obtained, it is possible to calculate
a single Laplace domain kernel applying the procedure known as association of variables [29,31],
that is,

1 1 ASSOCIATED AS 1 1 1
Ny (s1,52) = (

(1t 52— A)) B1 =) (2= A1) Nale) = (A A= 25) [ (5= A= A0) _(S—M)l’ =

Calculating the respective coefficients, the second order kernel expressed in single Laplace domain
has the form,

ZZ{ e A)[bkﬁz—ﬁkY}w)—BIY;(0>—Y,1<0>Y}(0)] S (S_lA,)l}, e
]

which represents the time domain solution given by,

ZZ{ LT >[ kb — By (0) = b Y(0) —Y;(O)Y}(O)][e“k“l)t —e(Aj)f]}, (22)
K+ A=

Equations (15) and (19) can be utilized for both cases of time domain analysis and for finding
higher order transfer functions. Finally, the complete time domain solution of Equation (6) which is
defined in terms of canonical form variables is expressed by,

yi(t) = Yy

klll{ /\k+/\z /\)

and converted to the original state variables,

——————[biby — b Y} (0) = B YE(0) - YE(0) Y] (0) [[ett 0t - e(’\f)t]}, (23)

xi(t) = Zl(b;—uijy}(o)—kz Zluijhékl[gkgl_gkyll(o)_BIY]%(O)_Y;(O)Yll(o)])e}\jt‘f'
U o (24)

LX lzl(u,]hzkl[bkbz BiY!(0) = BiYE(0) = YE(0) Y} (0)[Jel M0t
j=1k=11=

2.3. Synthetic Example

To illustrate the application of the method, let us assume a synthetic example taken from
Reference [32]. A first order nonlinear differential equation of the form,

T+ y+ By’ = u(t) (25)

is solved when the input function u(t) is an impulse function, as a first step, and afterwards, a step
function is also studied; both using the modal series method. The differential Equation (25) has first
and third order elements, which are considered in the final solution. Thus, assuming an impulse
function, the equation takes the form,

-1 B s 1
y= Ty Ty +TF. (26)
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Being, A = —% (eigenvalue), C = 0, D = B u(t) = %F(S(t), b = %, the first order term is

E 7
calculated as,

yis) = 5 Us) - =

with y(0) =0, y!(s) = g(s—l/\)'

Applying the inverse Laplace transform,

y(t) = ge‘” B 27)

This particular system does not have second order term. Hence, the third order term is expressed as,

1
s1+s2+s3—A)

[D(y" (s1)y" (s2) (55))] (28)

v (s1,82,83) = (

where,

y'(s) = SjliA ji=1,2 3.

Applying theorems of association of variables [9], the solution in terms of a single Laplace

domain is,
1 1 1 1

y(s) = 20 (s—A) * 21 (s—3A)

Finally, the full solution to the differential Equation (25) for an input impulse function has the form,

(29)

3
y(t) = ge_t” - i%(e‘t“ - e‘3t/T) +.... (30)

The time domain solution expressed by Equation (30) is like that described in Reference [32]
under the same conditions (input impulse function). This sample has demonstrated the viability of the
extension of the modal series method to the inclusion of a forced input signal. Similarly to the previous
case, a step input function was analyzed for the same nonlinear differential equation. This differential
equation takes a similar form to Equation (25); however, the first order terms, which include the step

function have the form,
F 1 1

y'(s1) = ;m;, (31)
with y(0) = 0. Therefore,
yl(s) = —Fﬁ - Fé. (32)
Executing the inverse Laplace transform,
y'(t) = F(1-¢/7). (33)

The third order terms are those of Equation (28), but for the step function takes the form,

1 1
Db . 34
1 +52+53—/\)[ (51 —)\)51(52—/\)52(53—/\)53} 34

¥ (s1,52,83) = (

This equation may be solved using the theorems of association of variables on the multidimensional
Laplace transform, described in Reference [29]. Applying the real convolution theorem [31],

F1(s1,52,53) i Gi(s) = Db

1 (1_ 3 n 3 1 )
(=A)2\s s-21  s-A s-3A
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and

1 1 /1 3 3 1
F(s) = Db’ (_ - - )
(s) = Db (CA)Ps—A\s 5-21 5-A s-3A (35)
Finally, the third order terms in the time domain solution have the form,
1
y3(t) — _F3‘B|:1 _ (g _ %t)e—t/’f + 36_2t/T + Ee—3t/T:| (36)
with the full solution,
vy =y O+ M+, (37)
1
y(t) =F(1-¢e"/7) - F3[3[1 - (; -~ %t)e_t” +3e72/7 4 58_3t/T] ... (38)

Equation (38) agrees again with that obtained in Reference [32] for the case of a step input
signal. The analytical example has demonstrated the application of modal series methods based on
multidimensional Laplace to the differential Equation (25) and their comparison against the solution
obtained with a different technique such as the Laplace-Borel transform [21].

3. Concept of Transfer Function with Nonlinear Characteristics

3.1. Introduction

The transfer function concept has been deeply analyzed as a powerful tool for either invariant
linear time or time varying systems, with solid applications to control systems. The concept of the
transfer function itself addresses the behavior between inputs and outputs of the dynamic system
defined in terms of the Laplace domain. The transfer function concepts to power systems have diverse
potential applications, since there are many actions of control which a real power system has to
implement and perform. Some characteristics of transfer functions based on power system may be
observed [13]:

> The order of any transfer function is as high as the number of state variables included in the
model; i.e., in large power systems there are many thousands of states; most of those poles or
eigenvalues are not observable from any signal in the system.

> Aninputsignal applied to a power system will usually excite many modes, which will be reflected
in different output signals and locations in the system.

> Despite a transfer function is usually defined as a ratio of polynomials, it can be expressed as a
sum of residues over a first order pole.

> Transfer function analysis assumes that initial conditions are out of concern and the output is
only a function of the forced function.

The concept of the computation of dominant poles of power system transfer functions has been
addressed by some authors [5-10]. The concept arises over the consideration of a transfer function in
which the poles and zeros are known, determining the main modes that are taking part in the frequency
response to the oscillations in the power system. An algorithm based on Rayleigh iterations has been
proposed, which exploits its characteristics of numerical properties of global cubic convergence [5].
The participation factors and the applications of such an algorithm are marked when a large-scale
power system is studied. An earlier work proposed the use of Prony analysis to determine the residues
and with them, to obtain the transfer functions for the design of power systems stabilizers (PSS) applied
to a multimachine power system [33]. In this work, the usefulness of transfer function concept arose
from determining the frequencies during oscillations in the power system that eventually may have
been damped by PSS devices or another flexible AC transmission systems (FACTS) component.



Energies 2019, 12, 4061 8 of 32

3.2. Theoretical Basis of Nonlinear Characteristic in Transfer Function

Halas states in his contribution [19]: “everybody knows that a nonlinear system has no transfer
functions”. This affirmation is completely valid if we recall that the concept of the transfer function
itself is only related to linear systems. However, many techniques like those mainly described in
Section 1, arise with nonlinear systems that after some mathematical methodologies allow us to obtain
the so-called nonlinear transfer functions. The extension of modal series proposed in this contribution
took advantage of this reasoning.

Transfer functions of nonlinear systems must satisfy many properties that are expected from
transfer functions [3]. Some of the main properties were resumed here:

e They characterize a nonlinear system uniquely. Each nonlinear system has a unique transfer
function, no matter what state space realization one starts with.

e  They provide an input—output description of the nonlinear system.

e They allow the use of transfer function algebra, to combine systems in series, parallel or
feedback connection.

The pseudo-linear algebra concept that unified the formalism of algebra related with both linear
and discrete nonlinear systems is very important [34].
Assuming a transfer function defined for a linear system, we have,

(39)

The time response of Y(s) to an impulse disturbance applied in the input function U is equal to
the inverse Laplace transform of H(s) considering zero initial conditions in all system states [23]. Thus,

y= ) Rie', (40)
i

where A; are the poles of H(s) and R; the associated residues.
The time response of H(s) can be directly obtained by integrating in the time domain the impulse

response of H(s), that is,
Rif At
= —(e™" =1). 41
v= Y5 @

This case is very illustrative since the time response contains two parts due to the generic
disturbance [31]:

e  The first part is called forced response, which consists of the steady state part.
e The second one, called natural response, consists of the transient part, formed by a sum of
exponentials, whose values depend on the applied disturbance.

The natural characteristic response depends on the location of the system poles in the complex
plane [23]. Therefore, it is important to point out that modal analysis consists on the computation of
these poles and on the determination of their nature and sensitivities [33].

For instance, the transfer function of a single input-single output (SISO) system has the form [7],

£0) = A2() + Bl
y(t) = CTz(t) + Du(t) * “2)

whose transfer function is,
H(s) =CT(sI-A)"'B+D (43)
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where the eigenvalues are the poles of A and the corresponding right and left eigenvectors are given
by (/\ ir Xjs v]'). The transfer function can be expressed as a sum of residues R;j over first order poles,
that is,

His) = ), — (44)

j=1 ]

where the residues R; are R; = (xTC)(v’fB).

A pole A; that corresponds to a residue R; with large |R |/ Re( ) is called a dominant pole,
which is observable and controllable in the transfer function [8]. Several efforts oriented to research
the dominant poles in large power systems have been focused on the transfer function concepts.
Almost every developed approach is based on numerical algorithms that allow the determination
of poles that have the biggest participation in power system oscillations [5-10]. Their extension
to frequency analysis is straightforward, since functional kernels expressed in the Laplace domain
are easily shifted to the frequency domain. Both SISO and MIMO systems are described by each
contribution following the properties of linear transfer functions. The calculation of dominant poles
was not be addressed in this paper. So far, only the theoretical basis of the nonlinear transfer function
was of concern, leaving room for future developments in this research topic.

3.3. Volterra Functional Expansion

The input-output behavior of a dynamic system of the form,

x=Ax+Bu

y=Cx '’ (45)

may be represented by means of a generalized convolution integrals series [35]. A general convolution
integral of order k is defined as follows: let (i, ...,7) be a multi-index of length k with i, ..., i of the
set{l, ..., m}and if uy, ..., u, are real value continuous functions defined on [0, T|; the generalized
convolution integral with kernel w; 7 is defined as [30],

t

Tk T2
ff...fa)ik, ...,il(t’Tk’ ~~-,T1)~~Mi1(T1)dT1~-di, (46)
0 0

0

for0<t<T.
After some manipulations, it can be demonstrated that the series written as,

s m Tk T2
y(t) = wo(t) +Z Z ff fwlk (t Ty - T (Th) - ougy (T1)dTy . dy, 47)
0

k= l], lk:l

is absolutely and uniformly convergent, and is called a Volterra series expansion [35,36].

The original application of the Volterra function to the analysis of nonlinear circuits is due to
Wiener [36,37]. Wiener established that an output function y(t) of a nonlinear system is function of its
input u(t) and that the two functions can be related by a functional series. The first few terms (up to
order three) of the functional expansion are,

y(t) = }ohl (D)u(t-r1) dT—i—f f ho (1, T2)u(t — t1)u(t — 12)dridty
= oo (48)
L

+ h3(tq, T2, t3)u(t — t1)u(t — 7o) u(t — 13)dT1dT2dT3 + . . .

8%8
8%8
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The nth order kernel of Equation (48) hy,(71, T2, ..., Tn) can be called a nonlinear impulse
response of order n [36]. Its Fourier transform can be called the nonlinear transfer function of order 7.
Hence considering the input-output relation it can be written in the form

y(t) = Y wilt). (49)

i=1

A system H of the form y = Hj [u] + Ha[u] + ... 4+ Hy[u] can be broken into a parallel combination
of systems H; as shown in Figure 1. The interpretation of such a figure can be resumed as [38]:

e  The generalized functional representation shows a nonlinear system as a parallel bank of systems
H; that are nth order nonlinear systems.
e  They have an impulse-response function h,(t1, ..., t,) associated with them.

[ S

OUTPUT
——>

\ 4
x
g

INPUT

A 4

H,

1

Figure 1. Block diagram for the generalized functional representation.

Following the same reasoning, a nonlinear system of the form,

Fly(®), 50, 5(t),..) = x(b), (50)

can be split-up into a sequence of components connected in parallel by the method of Volterra functional
expansion [36]. The process is illustrated by Figure 2. For this case, the first component is linear [39],
that is,

fi(h) = f Iy (0)(t - 1)y, 1)

Figure 2. Functional expansion of the nonlinear system.



Energies 2019, 12, 4061 11 of 32

Here, the procedure based on the multidimensional Laplace transform can be used. In this way
the linear case can be transformed as,

Fi(s) = Hy(s)U(s)- (52)

The second component is of quadratic nature, i.e.,
falt) = fth(Tl'TZ)x(t —11)x(t — 12)dt1d7). (53)

In order to use the theory of the multidimensional Laplace transform, it is necessary to artificially
introduce t; and b, i.e.,

flt) = f f o (21, 2)(br — 71 )x(t2 = T2)dTades,

and then,
Fz(Sl,Sz) = Hz(Sl,Sz)U(Sl)U(Sz). (54)

Formally, at least F»(s1,52) can be inverted to obtain fp(t1,t) for which f,(t) is the desired
output [38]. The method is generalized to higher order cases, hence the third is a cubic component;
its output is,

f3(t) = fffh(;(’ﬁ, To, 13)x(t — Tl)x(t - Tz)x(f — T3>d"[1d’l’2d’[3, (55)
which in the Laplace transform domain is,

P3 (S], S2, 53) = Hz (S], S2, S3)U(51)U(Sz) U(S3). (56)

The procedure of taking a number of variables t1, t, ..., t, as equal is called association of
variables. The great significance of making the associations in the transform domain lies on the fact
that these associations can be made by inspection; this application being a class of problem adapted to
this theory. Hence, the total system output is given by,

MOESIWAG) (57)
i=1

assuming a finite number of terms represented as an nth order nonlinear approximation.

It must be pointed out that terms associated to Volterra representation are denominated
impulse-response Volterra kernels [31]. Such kernels can be compared with those obtained by
the modal series. Following the same reasoning, it is possible to represent a forced nonlinear system
decomposed by the modal series method, in the same way as the Volterra framework. By comparing
each kernel, similarities from a qualitative point of view for both kernels’ sets can be observed. Also, it is
important to mention that one of the main applications of multidimensional Laplace transforms centers
on the closed form solution of Volterra kernels.

3.4. Analytical Deduction

Based on the modal series approach developed above, and considering the definition of the
transfer function, which remarks the absence of initial conditions on the transfer function concept,
it yields,

1 _ J
Yi(s) = LU, )
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n n

2 PO 1
Y3(s1,50) = Cl 3 biby
J 1 K (51 +Sz—)\]‘) (Sl _Ak)(SZ_/\l)
1 1

1=
n n
51152753 = ; ; (Sl + Sp + S3 — A]) (Sl - Ap)(SZ - Aq)(53 - /\7’)

Following the procedure of association of variables which expresses the referred second and third
order terms in a single Laplace variable, we obtain,

u<s1>u<sz>}, 59)

U(s1)U(s2)U(s3)].  (60)

M:»

oo Bpbybr

[y

It can be observed that the poles of the first order transfer function are given by the
eigenvalues obtained from the state matrix through Taylor series expansion of the nonlinear system.
However, second and third order term poles, besides the poles due to eigenvalues, are due to the
combination of two and three eigenvalues, respectively. Figure 3 shows in schematic form the linear
and nonlinear flow chart to obtain the closed form transfer function based on the modal series approach.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

b
E(s)= -

Figure 3. Schematic representation of transfer function for the nonlinear system.
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4. Application to a Power System Model

4.1. Classical Model

For the sake of exemplification, a simple power system consisting on a synchronous
machine-infinite busbar power system was analyzed. The system was based on classical modeling [40],
with extended representation up to third order and assuming a single input-single output. The system
has the form,

| A6 | Aw n
T M || -Emecosp00 - D Aw

|—
|—

0 0
o4 AP
’[ T cos 0pA0” ]+ (H[ b ] "

]

0
’[ Prmax sin 5067 ]+

N

(61)
Ad
llJ:[ 01 ] Aw
which includes only one transfer function given by,
Aw(s)
F(s) = . 62
)= 55 ©
Applying the modal series, it yields,
e  First order terms
Awl(s) ¢ b;
APy(s) & Vs=A)
Aw'(s) b b
AP, (s) g A +ul’zs A (63)
e  Second order terms
Aw?*(s1,57) = = v e 1
—_— Y = ul-]- C bkbl
AP (s1,52) ]Zf kzilzf T (s 52— ) (51— A (s2 - y)
which is associated to,
Aa)Z(S) n n n . o 1 1
=Y u W) bib - ,
APy(s) JZ{ ”,;,Zl‘ P =M= A1) (s )
1 §2)_ 1 1 1
A?(s) hZ(l,l)bl{(s—Z)\]) T A )} 2(1 2)b1b2{(s A7) (s—/\1)}+
S b e — ) bz{ ) |
221) 2N =11 ~ 5-M1) /\) 2(22)°1 —24) ~ -17) 64)
2 2 27 _ 1
ur,| 201 Jilem - ) bl e - S
’ 2 2 1
hz(z 1)b2b1{(s—/\2—/\1) (s— Az)} +h2(2 Z)bl{(s 2247) ~ (5-1)

e  Third order terms

Aw®(s) 1
AP,(s) Z i Z Z Z Diarby bqb’ (s=2A)(s-2Ap—Ag—Ar)

=1 p=lg=1r=

or,

3 A A A
iw Z :Z”lfzzzh3pqr pqbr

j=1 p=lg=1r=

R el
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Thus,
1 23 1 1 1 2 1
h3(1,1,1)b1[(s_—/\1) - (5—3/\1)] +]133(1,1,2)17 [( A (s—ZAl—Az)]+
1 727 1 1 1 ) 1
AOJS(S) _ u h3(1,2,1)b1b2_(5—/\1) - (5—2/\1—/\2) +h (122)b1b2 (S Al) (S—/\l—Z/\z) + +
APu(s) — MY g1 bR 1 n
3(2,1,1)°1 2_(5—/\1) (5—2A1-17) | 3(212) 2| (s— Al) (5—A1-2A7)
1 2| 1 1 1 £3 1
h3(2,2,1)b1b2_(s—/\1) - (s—)\1—2)\2) Jrha(zzz)b [( ) (5-312)
2 23] 1 2 2 1
h3(1,1,1)b1[(s_—/\2) =) )] 5012002 5y (s—ZAl—AZ) +
2 727 1 1 2 ) 1
" h3(1,2,1)b1b2_(s—/\2) T (5-2M1-Ay) | +h 3(1, 2z)b 0 2| (s- Az) T -1 —24y) +
B - % (RSN N . b | 2 - 5 |+
3(2,1,1)°1 2_(5—/\2) (5—2A1-17) | 3(2,1,2)°17°2| (5=A2) ~ (5-A1-2A7)

2 p 2| 1 1 2 r3| 1 1
h3(2,2,1)b1b2_(s—/\2) T 2hy) | +h3(2,2,2)b [(s 12) (s—SAZ)]

(65)

This process can be applied repeatedly up to the terms suitable to be considered. In this case,
terms up to third order were solved, hence the transfer function with nonlinear characteristics was
represented by linear, second and third nonlinear terms. Figure 4 shows the Bode graphics for the transfer
functions, and corresponding to the first, second and third order, respectively, associated to the test power
system considered in this experiment. Bode analysis was performed by using MATLAB® control toolbox
(R2016a, The MathWorks, Inc, Natick, MA, USA), assuming individual transfer functions. The frequency

contributions of second and third order terms in the gain of transfer function were observed.

Bode Diagram

N\ f= 111 Hz

40

N
o

Magnitude (dB)
o

Phase (deg)
©
o

10° 10"
Frequency (rad/s)

Bode Diagram

f=1.11 Hz—>,

f=222Hz

107" 10° 10" 102
Frequency (rad/s)

Figure 4. Bode plots of the linear and nonlinear transfer functions of the study case of synchronous

machine-infinite busbar.
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The Bode graphs of Figure 4 show the frequency contributions of both linear and nonlinear
transfer functions. Of course, the linear frequency transfer function was due to the poles of the
oscillatory eigenvalues with frequency f = 1.1096 Hz, such as it is described in Table 1. Furthermore, the
frequencies due to the second order transfer functions were caused by the combination of oscillatory
modes, resulting in two main frequencies contributions, also detailed in Table 1.

Table 1. Residues, frequencies and damping rations for the linear and nonlinear transfer functions.

Residues Poles Fre(c}_lllze)ncy D;n;g:)ng
First Order —27.03801 —0.3571 + 6.9715i 1.1096 0.0512
Transfer Function 27.0380i —0.3571 — 6.9715i -1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 + 13.9430i 2.2191 0.0512
—223.24370479 + 11.4365329i —0.3571 + 6.9715i 1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 - -
—223.24370479 + 11.4365329i —0.3571 + 6.9715i 1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 - -
—223.24370479 + 11.4365329i —0.3571 + 6.9715i 1.1096 0.0512
—74.58811208 — 1.27368937i  —0.7143 — 13.9430i 2.2191 0.0512
Second Order 74.58811208 + 1.27368937i —0.3571 + 6.9715i 1.1096 0.0512
Transfer Function —74.58811208 — 1.27368937i  —0.7143 + 13.9430i 2.2191 0.0512
74.58811208 + 1.27368937i —0.3571 — 6.9715i 1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 - -
—223.24370479 + 11.4365329i —0.3571 — 6.9715i 1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 - -
—223.24370479 + 11.4365329i —0.3571 — 6.9715i 1.1096 0.0512
223.24370479 — 11.4365329i —0.7143 —13.9430i 2.2191 0.0512
—223.24370479 + 11.4365329i —0.3571 — 6.9715i 1.1096 0.0512

This Table specifies the residue, pole, frequency and damping ratio associated to each mode for
the case of the first order transfer function, and the resulting modal combination for the case of the
second order transfer function. A frequency of 2.2191 Hz (which can be observed in the Bode graph
of Figure 4) was the result of modal combination. Also, to be noted was the substantial increase on
residual values of the second order transfer function, dependent of nonlinear coefficients.

Another schematic form to express the frequency response of the linear and nonlinear transfer
functions was the application of the Nyquist plots or polar plots shown in Figure 5. In this case study,
the mechanical power input, as mentioned before, was applied as the input signal to the transfer
function. Figure 5a shows the polar plot for the linear transfer function. According to the theory of
Nyquist diagrams, the frequency evolution demonstrated that the system was stable for a defined
perturbation, since the polar diagram is not circling the axis in one and the poles are in the left half
plane (negative real part). The analysis was made considering transfer functions in open loop.

Nyquist Diagram
80 - yq g

Imaginary Axis
\ ) IN o
o o o o

N
o

-40
60

-80°
-40 -30 -20 -10 0 10 20 30 40
Real Axis

(@)
Figure 5. Cont.



Energies 2019, 12, 4061 16 of 32

Nyquist Diagram
3000 T LA T 9

2000

1000 !
150 2000 30 !

180 0

Imaginary Axis
o

-1000

210 330
-2000 q

-3000 - - .
-4000 -3000 -2000 -1000 0 1000 2000

Real Axis

(b)

Figure 5. Nyquist plots for the linear and transfer functions of AAT“:". (a) Linear transfer function;
(b) second order transfer function.

The waveforms of Figure 5 show the time evolution of each transfer function with respect to their
individual residues. Of note are the values of second order transfer function residues that were not
considered when only the linear approximation is represented.

Also, the same reasoning was used for the second order transfer function. A zoomed vision of
the diagram of Figure 5 is shown in Figure 6, where the frequency of 2.2 Hz, which was contributed
by second order modal terms, is observed. In the same way as the linear case, referring to Figure 6,
the trajectory obtained by the Nyquist plot is apparently circling at point —1, but in counter-clock
direction; this is one condition to demonstrate that the system was stable for the transfer function
performed under the parameter conditions given. Nyquist theorems must to be explored and extended
in future contributions where control dynamics is incorporated.

Nyquist Diagram
250 va T 9

200
w= 2.23 rad/s
150
100

50

0

Imaginary Axis

-50 - b

-100 -

~
-150 w= 2.23 rad/s

-200

_250 1 | 1
-150 -100 -50 0 50 100 150

Real Axis

Figure 6. Detailed zoom of Nyquist plot of the second order transfer function.
4.2. Step Input Response

The transfer functions previously defined are subjected to the application of a unit step function
of the form [2],
f(t)=0 fort<0
f(t)=1 fort>0
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The unit step function is undefined at t = 0. In the Laplace domain it is defined as,

fe_Stdt
0

Taking the transfer functions Equations (63) and (64) defined for linear and second order,
respectively, and applying the input unit step function, the closed form expressions in the Laplace
domain are,

. b 1 . by 1
Aw(s)_qS—/\lS—'—CZS—)\zs' (66)
1 2 1 1 1 1[ 1 1
h2(1/1)b1{m (s—2A1) 5] - )\_1[(5—/\1) - E]}
Lo byby{ S S U S W |
A(DQ(S> _ 61 +h2(l%)?1b2 /\1+/\2|:(S—A1—/\2) S] A1|:(S_A1) S]}+ +
h o bob 1 1 S 1 S ) S R | O
221) 2N\ T2 [ - =A2) ~ 5| T | G=A) s
1 Bh.d 1 1 1 1 1
L h2(2,2)b2b2 m[(s—zzxz) - E] - )\_1[(5—/\1) - E]} ] )
e N
2(1,1) 71| 240 [ (s—241) s Ao (s=Ay) s
b b 1 1 1 1 1 1
N h2(1,2)b1b2 TG | o) s| ™ M| Gy T +
© bab 1 1 1 1 1 1
h2(2/1)b2b1 M+ | 5-A=A) 5|~ A=A — s +
il 1 4[]
[ "2(22)72]| 212 | (s-242) s M| (s-1) s

Now, applying the inverse Laplace transform, the closed form solutions in time domain are
obtained as follows,

AD(t) = ali—l[ehf -1+ @2%[&21 -1], (68)
1 2
h%(l,l)%{%[z}ht[ ]_L[Ait 1][}+ H h%(l,l)%{%[:)\ﬂ[ ]_L[Ajt 1][}+
Sy _ o] Moyl [ -] = et 1 I3 ) Dib2| iy e 1] = e -1
AN b [t 1= Aol | TR 2 b o1 - e - g | @
Moo B3l i [ = 1] = Ay [eh' - 1]} 100 Bl i [ = 1] = A [ - 1]}

Performing simulations through the time domain expressions of Equations (54) and (55) and
according to the assumed parameter conditions for this case study, the waveforms of Figure 7 are
obtained for the case of input step function response.

Low frequency oscillations are observed in Figure 7, where the second order evolution was
considered. The graphs also show that the system remained stable under this input signal, thus
oscillating to eventually disappear. An additional exercise could be performed in this case study,
which assumed various damping coefficients, resulting in different oscillation conditions. Figure 8a,b
show this experiment for the linear and nonlinear transfer function, respectively, where the damping
constant was varied from 0 to 5 and increased to the hypothetical values of 10 and 20 (over-damped
conditions).

It was of note that the oscillations varied only in amplitude, keeping the frequency unchanged;
as it was expected. For higher values of damping conditions, oscillations disappeared more rapidly
than low damping constants.
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Figure 7. Time evolution after a unit step function applied to the transfer functions. (a) Linear transfer

function; (b) second order transfer function.
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Figure 8. Time evolution after a unit step function applied to the transfer functions varying the damping
coefficient: (a) linear transfer function; (b) second order transfer function.
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5. Application to a Multimachine Power System Model

5.1. Three Synchronous Machine—Nine Buses Test Power System

The application of the proposed method was illustrated on a three machines, nine bus test power
system. The generation and network parameters, load data and the system operating conditions
were taken from Reference [41] and given in Appendix A. The power system was represented by a
fourth-order model including the automatic voltage regulator (AVR) representation.

Nonlinear Transfer Functions

Taking into account the modeling of a multimachine power system, and considering the fourth
order power network representation, the system was linearized by considering the state variables of
each generator and the input variables associated to the power system as the mechanical power inputs
and the reference voltages of the automatic voltage regulator, i.e.,

Ax=[[ Ay A%, A8 |[ Awr Awy Aws || AE'n AF 2 A ]

(70)
| AE'1 AE'yy AE' |[ AEjnt AEpn AEgs ]]
T
Au = [[ APy APyp  APp3 ][ AVrefl AVrefZ AVrefS ” . (71)
Hence, the complete model including the power system under study has the form,
x = F1(x) + Fa2(x) + F3(x) + ...+ BAu, (72)

where Fi(x), F2(x) and F3(x) are the Jacobian, Hessian and third order terms matrices [27], respectively.
The input matrix B has the form,

o A 2h
Juy  dupy 7 duy
h 9 ok
B=| M 7® |, (73)
Juy  dup T duy

which for the assumed power system is a (15 X 6) order matrix.

For this case study, the transfer functions could be described by choosing the rotor speed deviations
as the set of output variables, which resulted in a multivariable transfer function with six inputs—three
outputs, in the form shown by Figure 9. Since the system under study has multiple inputs-multiple
outputs (MIMO system) it is necessary to incorporate the concept of superposition. Although this is a
concept only valid for linear systems, the linearity of inputs and the nature of each kernel represented
in terms of the multidimensional Laplace domain could be assumed. For the sake of simplicity,
each transfer function was calculated as a single input-single output system thus considering only the
effect on the output variable due to a single input variable.

Applying the modal series method, detailed transfer functions including second and third order
terms can be described. Following the modal series reasoning, the complete system can be modeled
according to linear rules, which in its own can be expressed according to Jordan canonical form, i.e.,

X=AX+F, (X)+F3(X)+... +U Bu

y 74
y=CUx )
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and then transformed into its Laplace transform domain as,

X(5) =X (s)+Xa(s)+X3(s)+. .. + BU(s) '

= 75
Y(s)=CX(s) )
P, ——
Fo—1 @)+ >
Eos Q,(s,,8,)+

Figure 9. Multivariable transfer function Q)(s).

Calculating B =U"B,

Pznl PthZ PmAB Vre[l VrAefZ VAref3

01 [ b1 b2 bz by bis b

) 1:721 1:722 bys  bay b5 bas

03 bai by bz by b bz

@1 by by bz by b5 by

) 1251 ?52 ?53 bsy  bss  bse

w3 ber  bez  bes  bes  bes  bes

B — E'n byy bz by bz bys o bz

E'p bsi  bsa  bss  bss g5 bss

E'p }391 }392 o3 by bos  bog

E'qn biog b2 bioz bioa bis boe

E'p by bup bus bug bus buge

E's @12,1 bipa bins bia bis big

Ern bisp biza bizz biza bizs bise

E¢a biag b bz b bus buge

Erizs | bisp bisp bisz bisa biss bisg

_ ¢ G2 Gz Ga G5 Cie Gy Cs G G0 G G2
C=| 061 CGp Cp3 Cua G5 G Co7 C28 C29 G210 G211 G212
C31 G302 (C33 C3a4 (35 (36 C37 (C38 C39 G310 G311 G312

From Equation (75) it is possible to separate the terms corresponding to first, second, etc. order
resulting in the next transfer functions that are expressed as a multi input-multi output system.

e First order transfer functions:
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[ by by by by bys bis ]
SA—A] SA—/\l SrA] SA—Al Sr/\l SA_AI
by by bys by bys b6
< ] s—Ap s—Ay s—Ay s—Ap s—Ay s—Ap
S ~ ~ ~ ~ ~ ~
é.l( ) b3y ) b33 bs bs b3e
62 (S) SA—A3 SA—/\3 SrAg SA—A3 Sr/\3 SA—A3
= by by bys by bys bye
63 (S) SA—A4 Sr/\4 Sr/\4 SA—A4 Sr/\4 SA_/LL
=~ b b b b b b
(s 51 52 53 54 55 56
~l( ) S:)\S sr/\5 STA5 SA—/\5 Sr/\5 SA—)\5
w>(s) be1 bey be3 bes bes bes |- .
53 (S) s—Ag s—Ag s—Ag s—Ag s—Ag s—Ag APml
— by bz bzs bya bzs bzg AP,
E,ql (S) SA—A7 SA—/\7 5r/\7 SA—A7 Sr/\7 SA—A7 m
Er N bgy bgz bss bgs bse APy3
~q2 (S) - SA—Ag Sf/\S Sr/\g SA—Ag Sj/\g SA—Ag AV (76)
E’55(s) ot bep bos  bos  _bos bog refl
1 s—Adg  s—Ag  s—Ag  s—Ag  s—Ag  s—Ag AV,, £2
E’ 51 (s) b1 b1 bis b1 bigs b1 AV
Ed (S) S—/\lo S}\—Aw S—/\lo Sr/\lo S:/\lo S—/\lo - 1’€f3
Z a2 b111 112 b113 D114 11,5 b116
E's (5) s=An s=An s-An s-An s-An s-An
E ( S) b1 12,2 bia3 b124 12,5 b1a6
=fdl s=A1p s—Ap s—App s—App s—App s—Ap
Etpp (S ) b3, b3 13,3 b134 bi3s 13,6
E‘f ( ) 5—}\13 S—/\13 S—/\lg SA—A13 S—/\13 S—/\13
| Efa3\s) | b4 b1y bia3 b1y 4 biys biae
S—/\14 S—A14 S—/\14 SA—/\14 S—/\14 S—/\14
b5, b5 bis3 D154 bis5 bis5,6
L 5—}\15 S—/\15 S—/\15 S—A15 S—/\15 S—/\15 i
The transfer function matrix has the form,
[ Pml (S) ]
~ PmZ (S)
w1 (s) O11(5) Dp(s) Dials) Quals) Qsls) Qels) P,a(s)
—~ m.

2 — 2,1 2,2 2,3 2,4 2,5 2,6 ’
W2(s) | =| Doa(s) Dopls) Do(s) Moals) osls) oels) || 5) (77)
— re

3,1 , . 3,4 , X
w3 (s) M31(s) N3p(s) Qaa(s) zals) Qa5(s) Qaels) v ;2(5)
re
Vref3 (S) ]
where,
(s) = Awi'(s)  biaéin  boabip  b3iéi N 1518115
v APi(s) s—A1 | s—Ay | s—A3 s— A5
Awxl(s)  biatr1  boibop  b3iéas b1s5,182,15
Qz1(s) = - g ol
APml (S) S — )\1 S — Az s — )\3 S — /\15
In general, the linear transfer functions are,
n Z} A,
k,iCik
1 ]
Q; ]'(5) = Z ’ (78)
’, P S — Ak

withi =1, ..., 0,0 = 3 = number of output variables; j =1, ..., r,# = 6 = number of input variables;
n = 15 = number of state variables.

e Second order transfer functions:
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To formulate the second order transfer function, it is necessary to consider the system as a single
input-single output in order to form the transfer function matrix, that is,

where G%,q( s) =
r==6.

[ Gil (s) Giz(s) Gi3(s) G%A(s) Gis(s) G%b(s)
G%,l (s) Géz (s) G%,s (s) GgA(s) G%,S (s) G§,6(S)
Gg,l (s) G%,z (s) G§,3 (s) G§,4(s) G§,5 (s) ng(s)
Gil (s) Gi,z (s) Gis (s) GiA(s) Gis (s) Gib(s)
Gé,l (s) Gé,z (s) G§,3 (s) GéA(s) G£23,5 (s) G£23,6(S)
G2(s) GZ,(s) GZ,(s) G2,(5) GZy(s) G2,(s) gml@
G2,(s) GL(s) Gl,(s) G2,(s) Glsls) Giyls) Pm2<3
Gai(s) Gay(s) Gasls) Gayls) Gisls) Gigls) Vm3 AL
GI.(5) GI,(5) Gi,(5) G2,(5) G2s(s) G2yls) V:f . (S
Gloa() Gloa(s) Gloals) Giu(s) Gios(s) Giogls) V,e; (s)
G%l,l (s) G%Lz (s) G%m (s) G%1,4 (s) G%l,S (s) G%lb (s)
G%Z,l (s) G%z,z (s) G%z,s (s) G%2,4 (s) G%2,5 (s) G%z,@ (s)
G%S,l (s) G%a,z (s) G%3,3 (s) G%3,4 (s) G%3,5 (s) G%3,6 (s)
G%4,1 (s) Gi;,z (s) G%4,3 (s) G%4,4 (s) G%4,5 (s) G%4,6 (s)

| G%5,1 (s) G%s,z(s) G%5,3(S) G%SA(S) G%5,5(S) G%5,6(S)

n n on A
]Zl kZl 121 h2 klekbql{m G 1A )}w1thp =1, 2, ;n=154q9=1,2,...,1;

From Equation (79), considering the selected output variables, which for this case study were the
rotor speed deviations (w1, w2, w3), the individual transfer functions are obtained and grouped to
form the transfer function matrix. For instance, the first transfer function is formed as,

o
=
—

C115

[ 1 oo 1 1
h2<1,1>h1r1b1/1{(s—Al—m (Al)}+h(12>b“b12{< hh) T G m}* +

1 7 7 1 1
10,15 0110115\ o =y <s I R TTUELR ferery R eyl i

1
1 ~ ~ 1
h by,15b1, 15{m )

h;(z,z) 1,2512{(A21—A2) [C) /\1) 4+t hl (215)b1zb115 m_ ot
;(15,1)51,15A11 m - W +h2(15,2>b1,15b1,2{m _ ﬁ R
h;(15,15)2 15b1,15 m_ ﬁ
| h;(]'])glllgll{m (s= 1A1) Jr]11(12)};111312{(5 /\11—/\2) B (s—lA1)}+--.+
h 2(1,1 )b11b1 15{m - (S M) +h1(21)b12b11 m - ﬁ}_,_
h;(er)Al/ZiJ]’Z m B ﬁ +---4hl (215)b1 2b115 m T G- /\1)}+ -+
h;(lS,l)BlJSBll m_( ,\1) + I} (152>b1 15b12{m_(5}_/\1) P
" (1515)51 150115 m _ W
By brabs 1{m = m L, 2>b11b12{< SRR /‘])}+ .
hé(l/m)gl,li’l 1s{m - (> m } +h1< >b1,zh1,1{m - W}-‘r
h;(Z,Z)El,Zgl {(,\;—)\2) (—A1> +...+h2(2,15)51/251’15{m_ - Al)}+ N
h§(15,1)A 1sbia m - (b_l_;\l) +hé(15,2)131,151;1,2 m ~ W o

+ . (80)
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In the same way, the rest of the transfer functions are defined and then grouped in matrix form in
order to complete the transfer function matrix as,

Pml(s)
2 PmZ(S)
L31(5) O711(5) Q712(s) O713(s) O%14(s) O715(s) Q716(s) Pyus(s)
Wa(s) |=| O%1(s) Q%a(s) O%5(s) O%uls) Q%s(s) QPels) le(s) , (81)
ws(s) O%31(s) O%a(s) Paa(s) Q%a(s) O%35(s) O36(s) mez(s)
re
VrefS(s)
where
2 _ &) S E s g 11 N IR LU R 11
01)(8) = 3pe = Cl/lLZl P klbklb”{(s—/\k—/\,) (s—m}] +01,2[k21 P klbklbll{(s—)\k—)\,) (s—Al)}]
non A ’
+- 61,15[k§1 lgl h% klbklbll{—(s—/\i—/\l) — —(5_1/\1) }
2 _ %6 a2 5 11 Uyeo |y Y02 bobol 1 1
Q(1,2) (s) = APya(s) — CM[}E& El hy klbk2b12{(s—/\k—m) (s—/\z)}] +C112L§1 121 hy klbkszZ{(s—/\k—)\,) (S—)\z)}:|
bt 61,15[k§1 1§1 h3 lekZBlz{m - ﬁ}
In the general case,
CT)Q(S) n n n o 1 1
0% (s)=—+—=) ¢ n) bl - , (82)
(i) Uj(s) & EG T M- (s- )

with,i=1,...,00=3;j=1,...,r,r=6.

The input signal is chosen as the input mechanical torque, for which it is possible to determine
the transfer function of any state variable. Upon rearranging terms, we obtain the transfer functions.
These equations are amenable to multidimensional Laplace transform analysis. We emphasize that,
unlike previous approaches, the above formulations allow the study of the system behavior in both the
time and frequency domains.

Finally, the complete transfer function for this MIMO system is expressed in matrix form as,

o (s [ AW% (s) Awi?%(s) Awi3(s)
AAP 1((5)) APml (S) Apml(s) APml (5) + T
Ada(s) Awy(s) | Awp’(s) | Awp’(s)
AP,» (S) APyp (5) APmZ(S) APy (s) T
A (s) Awl(s)  Awy?(s) | Awsd(s)
Q(s) | Bl 8P,005) T BPus(s) T AP T
AU(S) = Aawy (s) = Aw](s) Awi%(s) Awi3(s (83)
AX”J‘E (S) Avrefl(s) Avrefl(s) Avrefl(s)
A S(S) Awi(s) | Aw(s) | Awp(s)
Ao (s) AViea(5) T AViea(5) T AViepa(s)
AVyef3(5) A“’é (s) Aws?(s) Aws3(s)
) ) i AVref3(s) Avref3(5) Avref3(5)

e Numerical Analysis

The example was conducted following the theory of nonlinear transfer functions through the
modal series described above. In this study case, the linear transfer functions were defined by
Equation (64) which expresses the partial fractions as a result of the modal series expansion.
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< Linear transfer functions

The form of the transfer function is as follows (in this case, only the first transfer function
Q%l,l) (s) is shown as a way of exemplification) once the parameters of the test power system are
substituted in the analytical expressions and the eigenvalues obtained. For a transfer function of
the 15th order, being the individual poles, the linear combination of original eigenvalues is obtained.
Similar expressions are obtained for the rest of the transfer functions that complete the transfer function
matrix in Equation (77). In order to obtain the frequency characteristics of the transfer functions, a
Bode analysis was performed using the tools for these purposes developed in the MATLAB® platform.
The MATLAB® Control Toolbox possesses well defined routines of Bode and Nyquist analysis that are
exploited in this case study. Figure 10 shows the Bode and Nyquist graphics for the linear transfer
functions Q) 1) (s), Q(LZ) (s), Q (13) (s), Q 22) (s) and 0(3/3) (s) selected, since they present the highest
contributions (highest residues).
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Figure 10. Bode and Nyquist diagrams from some selected linear transfer functions of the three
synchronous machine-nine buses test power system. (a) Q%l,l) ; (b) Q%l,z) 5 () 0%1,3) ;(d) Q%z,z) ; (e) 0%3,3).

The frequency combinations observed in Figure 10 are 2.0781 Hz and 1.3665 Hz. Regarding the
details observed in the same figure, it can be observed that transfer functions () (1) (s) and Q) (12) (s)
had predominant frequency contribution of 1.3665 Hz while transfer functions (13) (s), 0(2,2) (s) and
Q (33) (s) had resonant contributions of both frequencies 2.0781 Hz and 1.3665 Hz.

< Nonlinear transfer functions

Now, the nonlinear transfer functions are analyzed. Of note is Figure 11, which denotes the Bode
and Nyquist graphics for the transfer function 021,2) (s). It is important to notice the several frequency
contributions that the Bode graph shows. This transfer function is an element of the nonlinear transfer
function matrix obtained above and detailed in Equation (81) for the MIMO system under analysis.
Also, the fact is that the system may be of a huge size since the partial fractions of the transfer functions
obtained by modal series are the result of the combination of all the possible second order modal
combinations. Considering these modal combinations, the poles can originate a transfer function of
almost a 6750 order in the system under study. Of course, a higher number is very complicated to
handle by a Bode and Nyquist routine.
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Figure 11. Bode and Nyquist diagrams for the second order transfer function Q%l 2) (s) for the case
study of the test power system 3SM-9BUSES.

In order to obtain an easier expression, a simple analysis based on the highest residues was applied
to the nonlinear terms. Figure 12 shows the residues location in the complex plane. Thus, due to the
excessive number of residues and therefore, the same number of poles, only those with highest absolute
magnitude were considered to characterize the nonlinear transfer function. The zoomed Figure 12
details the residues that were out of bounds, that is, residues whose magnitude were [r;| < 0.1.

Agreeing to the reasoning of residues, the corresponding poles (modal combination) referred to
the resultant residues are shown in Figure 13. This analysis could be compared with the proposal of
dominant poles calculation [20,25] where the main residues and their corresponding poles are obtained
using an iterative process. With respect to the complete poles of the transfer functions, the main
frequencies detected in the wide range spectrum were 4.16, 3.44, 2.73,2.47,2.28,2.1, 2.08, 1.87, 1.75,
1.69, 1.57 and 0.98 Hz.
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Figure 12. Residues spectrum for the nonlinear transfer function Q%l 2) (s) for the case study of the test

power system 3SM-9BUSES.
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Figure 13. Poles spectrum for the nonlinear transfer function Q%l 2) (s) for the case study of the test
power system 3SM-9BUSES.

A spectrum characteristic of the nonlinear transfer function was obtained; the total frequency
content of the nonlinear transfer function of order 6750th was analyzed, obtaining the most dominant
content of some of the terms, i.e., through order 300. It was clear that there was a predominant
frequency detected in the spectrum (2.08 Hz) which was a low frequency due to the electromechanical
modes of the power system. Once the reduction in the nonlinear transfer function order was performed,
an approximate frequency content was obtained, which is shown in Figure 14. From this figure,
the similarity on frequency content with respect to the full spectrum already commented was observed.
The reduced model kept almost the same frequency characteristics of the full system.
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Figure 14. Pole spectrum of the reduced nonlinear transfer function for the case study of the test power
system 3SM-9BUSES.

Finally, Figure 15 shows the Bode and Nyquist graphs of some of the main nonlinear transfer
functions, where the frequency content of each of them can be observed. In some cases, for instance
Qzl 3 (s), various resonant frequencies are presented, being the predominant frequencies in the range

of 2 to 3 Hz.
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6. Conclusions

In this contribution, the theory related to the linear transfer functions concepts and its extension to
the transfer function with nonlinear characteristics through the application of the modal series method,
as the basis of nonlinear system expansion, assuming an input force response was described in detail.

The proposed methodology has the great advantage of analyzing in both time and frequency
domains, in a numerical and analytical way, the transfer functions with nonlinear characteristics of the
power systems. Application of the multidimensional Laplace transform and association of variables
techniques are the core of the modal series technique, which allows a closed form analytical solution
of the nonlinear system, with the extension of including the control forced response. In addition,
theory based on Volterra series expansion was applied in order to determine in a systematic framework
the linear and nonlinear contributions of the power system model when an input signal was applied.

In the paper, the transfer function residues of transfer functions were calculated in an analytical
way. Thus, the proposed methodology was successfully applied to the synchronous machine-infinite
busbar classical model and to the three synchronous machine—nine buses test power system. The first
case was a kind of single input-single output model; Bode analysis and Nyquist diagrams were
performed in order to obtain the frequency characteristics and stability properties for the linear and
nonlinear characteristics transfer functions. In addition, the time domain analysis was performed
when a step input response was applied remarking the frequency oscillations and varying damping
conditions presented in a more realistic operation. The second study case widely discussed along the
paper was a fourth order nonlinear model, a multi input-multi output system (MIMO), in which the
reference power mechanical output and voltage regulator reference were taken as the input variables.
Again, the Bode analysis and Nyquist diagrams were obtained, and in addition the most dominant
poles presented in the transfer functions through the pole spectrum were analyzed.

Despite the size of the nonlinear analysis which tends to be of a higher order, the contribution of
the paper was oriented to the advantages of applying an analytical technique which allows several
physical characteristics in both linear and nonlinear parts to be obtained. It is clear that when dealing
with larger scale power systems, the complexity of analysis is increased, with necessary inclusion
of sparsity techniques, effective algorithms of eigenvalues determination, etc. Future developments
based on this contribution will take this problem adding the determination of dominant poles and the
analysis of larger-scale power systems.
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Appendix A. Three Generators, Nine Buses Test Power System Data

Table A1l. Line bus data.

Sending Bus Receiving Bus Resistance Reactance Shunt Susceptance Tap Ratio
2 7 0 0.0625 0 1
7 8 0.0085 0.072 0.149 1
8 9 0.0119 0.1008 0.209 1
9 3 0 0.0586 0 1
9 6 0.039 0.17 0.358 1
6 4 0.017 0.092 0.158 1
4 5 0.01 0.085 0.176 1
Table A2. Machine dynamic data.

Gen xp Ta xXq X g T 2 Xq x q T 70 H D
Gl 0.2 0 0.146  0.0608 8.96 0.0969  0.0608 0.31 23.64  0.0125
G2 0.2 0 0.8958  0.1198 6 0.8645 0.1198  0.535 6.4 0.0068
G3 0.2 0 1.3125  0.1813 5.89 12578  0.1813 0.6 3.01 0.0048

Table A3. Power flow data.

Bus IVl 0 Pg Qe Pr QL
1 1.04 0 0.716 0.27 0 0
2 1.025 0.1623 1.63 0.067 0 0
3 1.025 0.082 0.85 -0.109 0 0
4 1.026 —0.0384 0 0 0 0
5 0.996 —-0.0698 0 0 1.25 0.5
6 1.013 —-0.0646 0 0 0.9 0.3
7 1.026 0.0646 0 0 0 0
8 1.016 0.0122 0 0 1 0.35
9 1.032 0.0349 0 0 0 0
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