Generic Modeling and Control Framework for
Power Systems Donnnated by Power

Ei)H) systems, Synchr:onized and Democratized‘(SYNDEM) grid
architecture.
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Ower systems are going through a paradigm change. The
penetration of the energy processed by power electronic
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independently or collectively in a power system, there is an
increasing need for power electronic converters to take part in

the regulation of system voltage and frequency. In particular,
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Converters

and harmonize the integration and interaction of heteroge-
neous power system players with the grld which results in

homogenlzed it is now p0551b1e to solve some challenglng
open problems in power systems.
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g problem is the modeling of power systems
gh pe tior converters interconnected
by transmission and d1str1but10n (T&D) lines and arranged
in different topologies. A framework is proposed in [5] to

model power systems with resistive-inductive (RL) T&D lines

of power
oI po

drstrrbuted energy resources wrth the current power systems
which are dominated by synchronous machines. Moreover, the
power electronrc rectlﬁers 1n the majonty of loads can be
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sponding to buses, and the graph incidence matrix to capture
the structure of the system as the interconnection constraints.
However because of the heterogeneous nature of the compo-

oe-scale
rge-scale

the structure and dynamrcs whrle mamtarmng the feasrbrhty
for analysis. Another interesting approach is presented in [6].
Generators are not accounted in the modeling process, but




control with Kuramoto models have also been proposed; see,
e.g. [7] and [8]. It is proved that the power sharing is achieved

control framework is scalable in the sense that it can easily
accommodate multiple power converters and multiple T&D

on identical line characteristics or voltage magnitudes. Among
these modeling approaches, the use of pH systems allows
the modeling of complex systems via power ports to interact
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power systems, where the nodes, i.e., the power converters, are

Another challenge is stability of power systems [6], [9],
[10]. As is well known, there exists coupling between fre-

to prove the (asymptotic) stability of power systems dominated
by power converters connected through a passive T&D grid
because an ISS system is globally asymptotrcally stable with

domrnated by power converters connected through a passive
T&D grid because an ISS system is globally asymptotically

stabrhty via classical tools such as small slgnal analysrs and
linearization, despite the clarifying conclusions that can be
obtained by applying these tools; see, e.g., [11]. Thus, the

use of mathematicai toois for noniinear sysiems has become

itself, but also the model of the overall system Notably,
Lyapunov-based frameworks have been wrdely used see, e.g.,
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power converter is passive a nd Input -to- State Stable (1n short
ISS) Moreover, the model of the overall power system with

.
1i

passive T&D lines is developed at first and then the model
for a generic power grid with passive T&D lines in a meshed
conﬁguratron is developed In Section IV, a generic control
framework T 1

Section V., the modei

developed and its ISS is proven. In Sectlon VI s1mulat1on
results are presented and, finally in Section VII, conclusions

II. PRELIMINARIES

o
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is ISS for any bounded input ug if Ry > 0. In other words,

Sor all initial values z(0) and all admissible inputs .

Proof: This can be proven by following the reasoning in
[21, the first part of the proof for Proposition 1].
%ZTM()Z with My = Mg > 0, there is
= Mjz. From the state equation of (1), there is

Since Hy (z) =
311(’90(2)

Moreover, the Hz

1 1

5/\min(M0) ||Z“§ < Hy(z) < 5)‘maz(M0) ||ZN§’ “)
where Apin(M) and Aper (M) indicate the smallest and
largest eigenvalues of M, respectively, and

W

because My Jo My is skew-symmetric. According to the prop-
erties of norms, there is

Hy < ~Amin(MoRoMo) |I2]5 + ¢ |l2ll luolly, — (6)

Hy < —(1=6) Amin(MoRoMo) |23
—Omin(MoRoMo) ||2[13 + ¢ 12l lluoll,
< — (1= 0) Anin(MoRoMo) |23 »

C
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This, together with (4), imply that the system (1) having Ry >
0 and the Hamiltonian Hy (z) = %ZTM()Z, with My = MT >
0 € R™*™0 being a constant matrix, is ISS with

)‘maz(MO) c
= su unl 7™ , 7
! Nomine (M) Omim (Mo Ro M) 02rt luo(T)lly, (D)
according to [21]. This concludes the proof. .
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III. MODELING OF POWER GRIDS

system but the development below can be applied to single-
phase systems as well after some minor changes. The system
is assumed to be balanced to facilitate the presentation in
the sequel, but it can be easily modified to cover unbalanced
systems as well.

Denote the set of nodes as V" = {1, ..., N'}. Without loss of
generality, assume that each converter or generator is described

a meshed configuration without self-loops. This assumption is
reasonable because, in practice, no T&D lines exist to link a
node with itself.

The values v;, v, € R3 stand for the voltages at their
corresponding nodes, i.e., at the ends of a T&D line. The
currents ik, ix; € R® represent the currents flowing into the
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Figure 3. Two-port representation of a passive T&D line between the nodes
j and k.

It is reasonable to assume that all T&D lines are passive,
as this is the case in practice. Also, it is usually assumed
that there is a large resistor, often in the range of Mega-
Ohms, in parallel with a capacitor. This is followed in this
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current zj § ] The value of n depends on the type of the
i

T&D line cojnsidered and reflects the number of the states of
the T&D line.

Several typical T&D lines, including the resistive-inductive
(RL) lines, the T-type T&D lines and the 7-type T&D lines,
are described below as examples.

1) Modeling of RL T&D Lines: An RL T&D line is
illustrated as shown in Figure 4.

i L, iy
v, J Tik Ik ) v,
0
< —>
ik ETjk Ui

and the Hamiltonian function as

1
T .
= §ijzjkzjk,
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“jk =ik i
Figure 5. A T-type T&D line between the nodes 7 and &
According to there are
di;
Bk .
Ly, ar —Tjkljk — Ujk + Vj
dv;
Jk . .
k=, = Uik T lkj — —Vjk (12)
L J T
dig;

—Vjk = Tkjlkj + Uk,

where v, stands for the capacitor voltages at the center and
T~ denotes the large resistor in parallel with the capacitor (not
shown in the figure). By selecting the state vector of the T&D
line as

. . T
TTik = [ ijl?k C'jkvak ijzfj } (13)

and the Hamiltonian function as

1 T . 1 1 T .
HTjk = §ijlﬁljk + §Cjkvﬁvjk + §L/gjlzjlkj, (14)

the T-type T&D line (12) shown in Figure 5 can be

expressed in the generic pH format (8) with %IL;:% =
J
) ) T .
[ sz UjT zgj ] ., Rrji = diag (rjkf, %I, rkjf) > 0,

Gjr=1[ 0 0],Grj=1[0 0 I]and

0 -1 0
Jrgg= (I 0 I
0 —I 0
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Figure 6. A m-type T&D line between the nodes j and k.
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ITjk = [ L]kZJTk Cjkvﬁm LkJZZ:] ijv;fjo LT]ki%:jk ] s
(16)
1 T 1 T
Hr = §ij1jk1jk + §Cj/€vjkovjko
1 1 1 an
+ §ijigjikj + 50@1),2}01)/@]‘0 + ELTjki%jkiTjka
the w-type T&D line (15) shown in Figure 6
can be expressed in the format (8) as well
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where i, represents the current injected into the T&D grid
at the Ith node (I € N); vy represents the voltage of the /th
node (I € N); B £ [BT BE]" e {0, 1y3N)x@nM)
represents the connection of the M T&D lines with the
N nodes (with I representing being connected and 0 being
not connected); the state vector zo € R3Mx1 represents
the states of the M T&D lines stacked together; G =
diagmqg;’? gk € N\{j =
output matricfes of the T&D lines stacked together; Jg =
—JL = diag,, (Jrjx) € R3M>3"M and Rg = RL =
diag,,, (R7jx) > 0€ R3"M>3nM represents the state matrices
of the T&D lines stacked together; and the non-negative
function He (z¢) = SmHrjr © R3™M —[0, 0o) represents
the total energy function of the T&D grid (lines). Here,
the subscript ,, indicates the operation over all T&D lines

Hg
(I <m < M). Since i, ik CGG& J»kEN\{J—k}

k} represents the

the matrix B; (I € N) selects the line currents 1jk and iy
flowing into the T&D 11nes to yield the current 1o for the

associated. In other words, the matrix B can be re}glarded as
to the

the mapping from the T&D line currents it = Gg 3
ra

| —|
S DO~
S D ~NO
DO~
~Q OO
S D~NO

O O
D ~NO
~ QOO

o

that maps the T&D line currents iz to the node current vector
1o, 1.€., 1o = Bir.
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A. Modelmg of a DC/AC Power Converter

The model of the power grid formed by passive T&D lines
in a meshed configuration is given by (18). At the nodes,



power converters or generators can be connected. In this paper,
it is assumed that DC/AC power electronic converters are
connected at the nodes. Note that, strictly speaking, neither a
power converter nor a generator “generates” electricity because
it only converts one type of energy to electricity.

Figure 8 illustrates a DC/AC power converter with a local
load. Again, without loss of generality, a three-phase system
is considered but the development can be easily adapted to
single-phase systems as well. Ideal voltage sources e are
adopted to model DC/AC power converters that in practice
are pulse-width modulated with a frequency high enough so

shown in the ﬁgure

7.
a2

tp = [Jp (zp) — Rp] Dip +Gpe + G, pio
H
Yp: iZGpa ;x(:P)
_w=g,p e @)
3:8]3

21

withe = [e, € ec]T,

S T o
lioa iob foc] . the Hamiltonian

1 1 1
Hp = §LiTi + §C’UT’U + §qTMLq,

Gr = [1 00 Gr = [ 1 0]
dlag(rLI IRLI>>Oand
0 —I 0
Jp(l‘p) I 0 —GL

Rp

ori
=X

Tp = [LiT CovT MLqT]T, -

(22)

matrices can be

state dependent.

Remark 3. Such a controller can be found in [19].

The following result describes an important property of the

control framework.



Lemma 4. The closed-loop control system of Figure 9 with

Proof: Define the state vector of the controlled con-

verter as z = [z}, a:g]T and its Hamiltonian as H (z) =
Hp (zp)+ Hc (z¢). The closed-loop system shown in Figure
9 can then be modeled, via stacking up the state equations in
(23) and (21) and substituting the interconnected signals with
7= GpaHa’”T(;fP) and e = Go2e | 4

Bre)
i =1 @)~ B@) D 4ty oty
v w=gq, 0H (z)
ox
. 0H(x)
u =Gl ox '’

(24)
with R = diag(Rp,Rc) > 0, G, = [Gop 0], G, =
[0 Guc], and the skew symmetric matrix

Jp GEGe
-GLGp Jc
Because the power converter modeled in (21) and the con-
troller given in (23) are both passive, the closed-loop system

J =

input u is bounded, according to Lemma i. [

V. COMPACT MODEL AND INPUT-TO-STATE STABILITY OF

power converters X; (I € N) connected at the nodes, which
are interconnected through a generic passive T&D grid, can
be modeled as shown in Figure 10, via interconnecting the
(—wi, i01) port of the closed-loop passive power converter
3, with the (v, i) port of the T&D grid ¥ through the
negative feedback of voltage —v;. That is to connect the output
—u; of the closed-loop passive power converter »; to the
input v; of the T&D grid X through the negative feedback
of voltage —v; and to connect the output i, of the T&D
grid X to the input ¢, of the closed-loop passive power
converter ;. This reveals an important negative-feedback
feature between the power converters and the grid, which is
critical in maintaining the stability of power systems.

Denote the Ith power converter connected to the Ith node of
the power grid Y¢ as ¥; (I € N), according to (24), with H,
being its Hamiltonian and z; being its state vector. Further-
more, define the state vector of the power system by by stacking
up the state vectors of the closed-loop power converters ;
and the T&D grid Yg as T = [mf N xaT with
the system Hamiltonian H= Elj\ilHl + Hg. Stacking up the

( 8H1 (:L'l) ]
x1 J1(z1) — Ry (1) 0 0 (95.81 GZl 0 i
= : : SH : L : :
TN 0 JN($N)—RN (SL‘N) 0 % 0 GZN iy
L Oz
GT (z 0 0 0
o (1.5 =
[ 0 i (@) J L] [ Grr J Low]
T T 7T
Then, by replacing the node voltage vector [UT v%] with [_ (Gol 86‘511) — (GON%I;;V) } and the node cur-

. G
rent vector [i.;

Oxg

0H
iOTN]T with BGg———, respectively, according to (24) and (18), while noting B = [B{'

B



. OH T
T J1 (1) — Ry (1) 0 GnglGG Oy Ggl (1) 0
: H1
- r of | r
TN 0 JN (xN)—RN (CL‘N) GONBNGG aT 0 GMN (:L'N)
G ~GLBTG ~GLBLGon Jo—Re | | 5F 0 ... 0 s
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This compact formula has established the complete math-
ematical model for a generic power system consisting of
local loads and mult1ple power converters that are controlled
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n future research and 1mplementatlon of power systems
dom1nated by power electronic converters. To the best knowl-
edge of the authors, such a generic compact model and control

framework that covers the whole power system hag not been

dP‘lF‘lf\f\Pd II’\ th |1reY“JITI'IY'F‘.

B. Input-to-State Stability of Generic Power Systems
The following result shows that the resulting system is ISS.

whenever the uUW\A converters are controlied u\,\/uluul: the

controller of Section IV-B, irrespective of their parameters.

VI. CASE STUDY
A. Description of the System

Wthh is dlscussed in Example 2. The lengths of the T&D
lines ET12, ET14, ET23, ET24 and ET34 are 15 km 12 km
10 km, 25 km and 8 km, respectively, and the T&D lines are

2qqnm9n io hF‘ ﬂT ﬂT-T\InP as anwn m I'*IUIH‘P h bu 1 W![D [DQ Kl

nmnr‘nPQ at nnm Pn(‘lQ ne

0.934 mH/km and 12.740 »F/km, respectively. The system line-
line voltage is 480V, i.e., with a phase voltage of V,, = 277
\Y% (rms) and the system frequency is 60 Hz. The 1nverters are

A L ENn 1
aroyu g

XTA

100 KVA
VA .
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The voltage synthesized by the power converters are given by
e =wpY [sinwt sin( — %’T) sin (wt + 2—“)]T where w
is the frequency and %) and 1 are state variables that are

MAdl uUW\.«.l converters

PN £
introduced o Vl.\.«l.u a Dassive COntrolier.

have the same ClI'OOD coetncrents Wthh are
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(b) Reactive power

278 : . :
2775} .
E ook 1
.
2765 ]
276 : : :
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t [s]
(d) RMS voltages

e At t = 15 s, Converter 4 operates in the droop mode
after removing the 15kW real-power reference. As a con-
sequence, the load is supplied by all the power converters

arrnrding fn thair nawar rafing
GULUIGILIEE U uilil pUWLL 1Quiigs.

filter inductors are 1.5 mH.

B. Simulation Results

The real and reactive powers, RMS voltages and frequencies

simulations carried out in the following sequence:

o Att = 0 s, all four power converters are started to operate
in the droop mode. Quickly, the frequencies settle down

a real-power reference of 15 kW. It tracks the reference
well while the other converters absorb the real power
according to their power ratlngs In addition, the voltages

constant power load of 45 kW and 5 kVAr
(inductive) is ¢ onnected at the terminals of Converter 3,

system parameters the reactive powers of the converters
are not shared proportionally to their power ratings, but the
voltages at the terminals are regulated well.

VII. CONCLUSIONS

er, 1 a

)

controller has been proposed for DC/AC power converters.
Moreover, a complete compact mathematical model has been
developed for generic power systems dominated by DC/AC

s

without self-loops in meshed configurations. The model of
generic T&D lines has also been developed, which is applica-
ble to drfferent types of T&D lines. It has been proven that the

Oons on Ccor

stant frequency/voltage or lossless gr1d are made The nalysrs
is made for balanced three- phase systems in order to srmphfy




ports that allow the connection of voltage-source converters at
the nodes. The extension to current -source converters is under

investigation. Another topic u

model. Furthermore, studies are being made to finally prove
the asymptotic stability of future power systems, including
the one based on the SYNDEM grid architecture, which
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