IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 28, NO. 3, AUGUST 2013

3145

A Novel STATCOM Model for Dynamic
Power System Simulations

Luis M. Castro, Enrique Acha, Senior Member, IEEE, and Claudio R. Fuerte-Esquivel, Senior Member, IEEE

Abstract—This paper introduces an advanced model of the
STATCOM suitable for steady-state and dynamic simulations
of large-scale power systems. It allows for a comprehensive rep-
resentation of the STATCOM’s AC and DC circuits—this is in
contrast to current practice where the STATCOM is represented
using an equivalent variable voltage source which is not amenable
to a proper representation of its DC circuit. The new STATCOM
model comprises a voltage source converter (VSC) in series with
an LTC transformer. The former is represented by a complex
tap-changing transformer whose primary and secondary wind-
ings would correspond, in a notional sense, to the VSC’s AC and
DC buses, respectively. The magnitude and phase angle of the
complex tap changer correspond to the amplitude modulation
index and the phase shift that would exist in a PWM inverter
to enable either reactive power generation or absorption purely
by electronic processing of the voltage and current waveforms
within the VSC. The numerical technique employed to solve
the STATCOM model is the Newton-Raphson method for both
operating regimes, the steady-state and the dynamic-state. The
latter involves discretization of the STATCOMs and synchronous
generators differential equations so that the nonlinear algebraic
equations and the discretized differential equations are linearized
around a base operating point and assembled together in a unified
frame-of-reference for robust iterative solutions.

Index Terms—dynamic power system simulations, FACTS,
Newton-Raphson method, STATCOM, VSC.

I. INTRODUCTION

HE power electronics equipment that emerged from the

FACTS initiative [1] has a common purpose: to alleviate
one or more operational problems at key locations of the power
grid. A case in point is the STATCOM which has been de-
signed to provide continuously variable reactive power at its
point of connection with the grid, in response to both fast and
slow network voltage variations. Its good performance arises
from the fast action of the PWM-driven IGBT valves which en-
able the STATCOM to maintain a smooth voltage profile at its
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connecting node, even in the face of rather severe disturbances
in the power grid. This is so because of its fast VAR supporting
function by pure electronic processing, i.e., phase-shifting of the
voltage and current waveforms within the voltage source con-
verter. Physically, the STATCOM’s VSC is built as a two-level
or a multi-level inverter operating on a constant DC voltage. A
relatively small capacitor which normally stands at about 10%
of its full capacitive range is used to support and stabilize the
voltage at its DC bus.

Power electronics is a fast moving field in terms of the de-
sign of converter topologies and their controls, semiconductor
valves and applications. Paradoxically, there has been limited
progress in terms of developing realistic models with which to
assess their impact on large-scale power grids. The research re-
ported in this paper bridges the gap in this all-important area of
power systems. Early attempts used the concept of a controllable
voltage source behind a coupling impedance has been a popular
modeling resource to represent the steady-state fundamental fre-
quency operation of the STATCOM [2]. This simple concept
explains well the operation of the STATCOM from the stand-
point of the AC network but its usefulness is very much reduced
when the requirement involves the assessment of variables re-
lating to the STATCOM’s DC bus. The situation is very much
the same when looking at the dynamic regime of the STATCOM
where the standard approach has also been the use of a control-
lable voltage source [3]-[8]. Such representations change little
with respect to that reported in [3] where the power flowing
into the equivalent voltage source is used to directly control
the DC voltage magnitude—to a greater or lesser extent, the
ideal voltage source is treated as the DC bus of the STATCOM.
Following this idea, a model where the STATCOM is treated
as a controllable reactive current source with a time delay, has
been put forward in [9]. Nonetheless, all these models exhibit
the same shortcoming, namely, the explicit representation of the
STATCOM’s DC circuit.

Aiming at alleviating such a key shortcoming, the paper puts
forward an enhanced STATCOM model suitable for the steady-
state and dynamic regimes of large-scale power grids, which
has the following attributes: 1) by making explicit the DC bus
representation, the inclusion of a realistic switching loss model
becomes feasible as well as the option to include DC loads—this
has a direct implication when considering extensions of this
model into the realm of VSC-HVDC transmission, which is
the subject of a forthcoming publication; 2) it is possible to
segregate the overall VSC power losses into conduction and
switching power losses; 3) by the same token, in this STATCOM
model it becomes possible to separate the VSC power losses
from those due to the interfacing LTC coupling transformer.

0885-8950/$31.00 © 2013 IEEE



3146

Hence, a new dynamic phasor-based STATCOM model is re-
ported in this paper. This model contrasts with those in cur-
rent use; it departs from the controllable voltage source con-
cept so far used to represent the VSC, resulting in a far superior
modeling flexibility when it comes to representing the DC side
of the STATCOM. In the new model the VSC is represented
as a complex tap-changing transformer; one where its primary
and secondary sides yield quite naturally to the VSC’s AC and
DC sides, respectively. The VSC’s AC terminal combines quite
easily with the model of the interfacing transformer to make up
the STATCOM model.

The overall dynamic model of the STATCOM presented in
this paper is developed in an all-encompassing frame-of-ref-
erence where the non-linear algebraic equations of the power
system, synchronous generators and STATCOMs are linearized
around a base operating point and combined together with the
discretized differential equations representing the controls of the
STATCOMSs and synchronous generators, for unified iterative
solutions using the Newton-Raphson method. One such iterative
solution is valid for a given point in time and its rate of conver-
gence is quadratic. Moreover, the differential equations are dis-
cretized using the implicit trapezoidal method for enhanced nu-
merical stability. This is a time-domain solution where the em-
phasis is placed on the new dynamic STATCOM model which
is comprehensive, quite elegant and yields physical insight.

It should be noticed that the new model put forward is not a
switching-based model, such as those used in commercial pack-
ages as PSCAD® and SIMULINK® where the PWM pattern is
fully emulated together with the switching action of each con-
verter valve. Rather, this model follows the standard way of rep-
resenting electrical equipment and their controls in large-scale
electrical power system modeling and simulations [10]—they
are said to be lumped-type models. These models take the ap-
proach of representing one full period of the fundamental fre-
quency wave form by a phasor corresponding to the base wave
form’s frequency. It is likely that this modeling approach may
correspond to the concept of average value models widely used
in the field of power electronics. Lumped-type models are used
in a number of industry-grade commercial packages, such as
PowerWorld® and PSS/E®. In the former the VSC is repre-
sented as a voltage source through which the AC voltage which
incorporates elements of the DC bus but no explicit representa-
tion of the DC circuit. On the other hand, the latter represents
the STATCOM by a shunt element which injects reactive cur-
rent to keep the specified voltage, but no DC circuit is available
and the modulation index cannot be estimated.

The new STATCOM model is tested in three power networks,
the IEEE 9-bus system [11], the New England test system [12]
and a large utility-level power system [13].

II. STATCOM MODEL FOR DYNAMIC ANALYSIS

A. Key Physical Characteristics

The STATCOM may be seen to comprise a VSC whose AC
terminal is connected to the secondary winding of an LTC trans-
former which plays the role of an interface between the VSC and
the AC power grid and adds a further degree of voltage magni-
tude controllability. Physically, the VSC is built as a two-level
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Fig. 1. (a) STATCOM schematic representation. (b) VSC equivalent circuit.

or a multi-level converter that uses an array of self-commutating
power electronic switches driven by PWM control. On its DC
side, the VSC employs a capacitor bank of small rating whose
sole function is to support and stabilise the voltage at its DC
bus to enable the converter operation. The converter keeps the
capacitor charged to the required voltage level by making its
output voltage lag the AC system voltage by a small angle [1].
The DC capacitor of value Cp¢r is shown quite prominently in
Fig. 1(a). It should be remarked that Cp ¢ is not responsible per
se for the actual VAR generation process and certainly not at all
for the VAR absorption process. Instead the VAR generation/ab-
sorption process is carried out by the PWM control which shifts
the voltage and current waveforms within the VSC to yield ei-
ther leading or lagging VAR operation to satisfy operational re-
quirements. Such an electronic processing of the voltage and
current waveforms may be well characterized, from the fun-
damental frequency representation viewpoint, by an equivalent
susceptance which can be either capacitive or inductive to con-
form to operating conditions.

The VSC model comprises an ideal tap changing transformer
with complex taps connected in series with an impedance, an
equivalent variable shunt susceptance B., placed on the right-
hand side of the transformer and a resistor on its DC side, as
seen on Fig. 1(b). The series reactance X represents the VSC’s
interface magnetics whereas the series resistor /7 is associated
to the ohmic losses which are proportional to the AC terminal
current squared. The shunt resistor (with a conductance value of
(s, produces active power losses to account for the switching
action of the PWM converter. This conductance is calculated
according to the existing operating conditions and ensures that
the switching losses be scaled by the quadratic ratio of the actual
terminal current I;, to the nominal current 1,,,,,,

Gsw = GU(I’C/I’ILO‘ITL)Q‘ (1)

The following assumptions are made in the model: 1) the
complex voltage Vi = m/e!® Epc is the voltage relative to
the system phase reference; 2) the tap magnitude m/, of the ideal
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tap-changing transformer corresponds to the VSC’s amplitude
modulation coefficient where the following relationship holds
for a two-level, three-phase VSC: m!, = v/3/2 - m,; 3) the
angle ¢ is the phase angle of voltage V1; 4) Ep¢ is the DC bus
amplitude voltage which is a real scalar and in a per-unit basis
carries a value of v/2.

B. VSC Steady-State Model

The phase-shifting transformer making up the VSC model
plays a crucial role in describing the converter operation; it de-
couples, angle-wise, the circuits connected at both ends of the
transformer. Equally important is the fact that the phase angle of
the nodal voltage on the left-hand side of the transformer keeps
its initialization value, which we may select it to be zero. Hence,
if o = 0then Vy = V5450 = V. This has two immediate con-
sequences: from the AC power flow solution point of view, the
phase angle of this node is an a priori known state variable and
the corresponding row and column may be deleted from the Ja-
cobian equation, i.e., it does not need representation; the second
consequence is that the AC-DC circuits brought about by the in-
clusion of one or more STATCOMSs in the power network can
be solved by using conventional AC power system applications,
such as AC power flows. Bearing this in mind, the VSC nodal
power flow equations are derived from the admittance matrix
developed in Appendix A, as follows:

(3)-(* )
R

-ml /o Y5

()}

After some arduous algebra, the expressions for active and
reactive powers injected at both ends of the series branch are
arrived at

—ml L — Y
mQQ(YT - Jch) + Gsw

2

Pk = Vk,zGl — 777,:1Vk‘/0[G1 COS(ﬁk — ¢)

+ Bl sin(@k - (/))] (3)
Qr = —V7ZB1 — m/ Vi Vo[G1sin(fy — &)
— Bicos(8x — ¢)] @)

Py = m,2VEGy — m!, Vi Vo[Gy cos(¢ — Br)

+ By sin(¢ — 61)) (5)
Qo = —m,2VEB, — m Vi, Vo[Gy sin(¢ — 0x)
— By cos(¢p — 6r)]. (6)

Additionally, the nodal active and reactive powers for the
shunt branches are expressed as follows:

Psw - ‘/OQGO(Ik/Inom)z
Qeq = —m Vg Bey-

O]
®

Hence, the set of mismatch power flow equations that must
be solved to obtain the steady-state equilibrium point is

AP, = —P, — Pr; — Pt
AQp = —Qp — Qry — Q5

(€))
(10)
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Fig. 2. Dynamic representation of (a) DC-bus controller and (b) AC-bus con-
troller.

APy = —Py — Py (11)
AQo = —Qo — Qg (12)
where Pry and Q1 represent the active and reactive powers

drawn by the load at bus &, respectively, and Pf and Q$*! stand
for the powers injected at bus . They are given by

Vk Gkk + ‘/k Z ‘m ka (‘OQ( - m)
mek

cal
Pk

+ Bkm, Sil’l(ek - 9771)] (13)
5 = VP Bu+ Vi Y Virl G sin (6 — 1)
mek
- Bkm COS(ek: - am)] (14)

Since the objective is to regulate the voltage magnitude V},
within a specified value and, at the same time, to maintain Vj
at a constant value, the state variables (6}, m/,, ¢, B.q) need to
be found by solving (9)—(12). Furthermore, it is necessary to
ensure that the VSC operates in the linear range, say, m, < 1.
Similarly, the generated reactive power, (4en, = — 1, must be
within the limits: ), min and Q4_max.

It is worth mentioning that the STATCOM model is rather
flexible and that, if desired, it may take a load on its DC side as
illustrated in Section V.

C. VSC Dynamic Model

Modeling of the VSC aimed at dynamic analysis requires two
basic controllers, one for the AC side and the other for the DC
side, as shown in Fig. 2.

In the control loop shown in Fig. 2(a), the DC voltage magni-
tude is controlled by B.,. The DC voltage error (the difference
between the desired and achieved V) together with a first-order
controller is used to obtain new values of B, at every time step.
Using this control loop, the DC voltage dynamics is basically
determined by the gain K. and a transient time constant T .

The differential equation that arises from the block diagram
corresponding to the DC-bus controller is

dBeq Kdr(VO ref — %)

~ B,
= — . 15
dt T (15)

For the case of the AC-bus controller, the modulation index
m, is responsible for keeping the voltage magnitude V. at the
desired value, as depicted in Fig. 2(b). This controller is well
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represented by three blocks. The first one produces the reference
reactive power (., after processing the error signal produced
by comparing V. and the reference voltage Vi ... Inthe second
block the voltage signal V.., is obtained by regulating the error
between the VSC’s reactive power output () e, and ¢,y With
an integrator of gain K. In the third block a new value of m/,
is generated by using the actual values of V}, and V...,. Realistic
results demand that limits on the reactive power output be taken
into account in this controller.
The differential equations for the AC-bus controller are

er@g _ Kac(‘/k_ref - Vk) - Qreg
dt T!, (16)
dV,. )
Tg = K’l(Qr@g - Qgen) (17)
dm/!
Mo K\ (Vieg — Vi) 1
b = Ko(Vieg = Vi) (1)

The dynamics of the STATCOM AC and DC buses are mod-
eled using (15)—(18). It should be brought to attention that the
dynamic loop of the AC bus shown in Fig. 2(b) shares some
similarity with the dynamic loop used in [3] for the same pur-
pose, in the sense that the same state and control variables are
employed; even though the two STATCOM representations are
fundamentally different. It should be noticed that in contrast to
the model presented in Fig. 1(b), the STATCOM model in [3]
is an equivalent voltage source. Such a difference in representa-
tion yields quite different dynamic loops for the DC bus in this
paper and in [3]. In Fig. 2(a), the voltage at the DC bus is regu-
lated by B., whereas in [3] the state variable is the phase angle
of the equivalent voltage source.

III. DYNAMIC FRAME OF REFERENCE

Dynamic analysis yields the required information to deter-
mine the operating performance of a power system during a dis-
turbance. The power system is very rich in dynamics, encom-
passing the very fast dynamics due to atmospheric discharges
and switching transients, the electro-mechanical oscillations of
various kinds and the long-term dynamics due to boiler and tur-
bine controls. Hence, in power systems studies it is normal to
develop models of varying degrees of representation to target
the phenomena of interest.

In this paper the interest is in assessing the effectiveness of
the new STATCOM model to regulate voltage magnitude at its
point of connection, following a network topology change such
as a change in system load or the tripping of a transmission line
or transformer. Hence, the solution method presented in [14]
is selected to implement the STATCOM model developed in
Section II of this paper. This approach allows combining the
set of algebraic equations (19) representing the network with
the system of differential equations (20) describing the dynamic
behaviour of the machines and their controls, to obtain the so-
lution as a function of time in a unified frame of reference. It
makes use of the implicit trapezoidal method (see Appendix B)
which is known to be numerically stable, preserving reasonable
accuracy, even when the time constants are much smaller than
the integration time step [14], [15]

0= f(X,Y) (19)
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y=9(X. Y1) (20)

where X and Y are vectors of variables that are computed at
discrete points in time.

These equations are efficiently solved using the NR method
which possesses strong convergence characteristics. In this case,
the conventional power flows Jacobian matrix, J, is enlarged
to accommodate the partial derivatives that arise from the dis-
cretized differential equations and its control variables. The NR
method provides an accurate solution to the set of equations
givenby f(Z) = 0, by solving for AZ in the linearized problem
JAZ = — f(Z) in arepetitive manner. In this case Z is a vector
that contains the state variables that emerge from the network,
synchronous generators and their controls or any other control
device. In an expanded form

AP GAP

JADP
AP aggcg a(lvq) a‘?@ Ad
AQ | =-| 50 v oy AV | @D
AF(y) OF(y)  OF(y) ‘ or(y) | LAy
a6 oV dy

where AP and A() are the active and the reactive power mis-
match vectors, respectively; £'(y) is a vector that contains the
discretized differential equations of each machine or controlling
device; Af, AV and Ay represent the vectors of incremental
changes in nodal voltage angles and magnitudes, as well as the
state variables arising from each differential equation. The NR
method starts from an initial guess for Z and updates the solu-
tion at each iteration ¢, i.e., Z;11 = Z; + AZ,, until a pre-de-
fined tolerance is fulfilled. In this unified solution, all of the state
variables are adjusted simultaneously in order to compute the
new equilibrium point of the power system at every time step.

A. Discretization of Differential Equations for the STATCOM
Model

The STATCOM differential equations (15)—(18) are dis-
cretized and expressed in the form of a mismatch equation in
the same fashion as the network’s active and reactive power
mismatch equations, to enable suitable representation in this
unified frame of reference:

1) DC-Bus Controller:

JAN AR At .
FBE(, = Beq,t—At"" 7Beq,t—At - (Beq,t - 7B6q7t> (22)
where
Beq,t = Tf;c—l[ch(VO_ref - %,t) - Beq,t] (23)
Beq,t—At = T,;gl[ch(VO_ref - %,t—At) - Beq,t—At]
(24)

2) AC-Bus Controller:

At . At -
FQMQ = Qreg,tht + TQreg,tht - (Qreg.t - 7Qreg,t)

(25)
At . At -
F"77~sg = Vreg,tht + ?Vreg,tht - (‘/;‘eg,t - 7‘/;‘59,17)
(26)

5
|

I3 At .t ’ At .y
« = Mg s Ay T+ 7’”%,1&7& — (Mgt — 7"’%,1‘, (27)



CASTRO et al.: ANOVEL STATCOM MODEL FOR DYNAMIC POWER SYSTEM SIMULATIONS

where

Qregt = T Kue Vierer — Vier) — Qreg.i] (28)

Qregit At = T/C Kae(Viref — Vir—at) — Qreg.t—at)
(29)
Viegt = Kq(Qregt — Qgenit) (30)
Vr’eg toar = Ky(Qregt—at — Qgent—at) 31)
at = KoViegt — Vi) (32)
ma t—At — ( reg,t—At — Vk,tht) (33)

B. VSC Linearized System of Equations

The expressions (9)—(12), (22) and (25)—~(27) make up the set
of mismatch equations that must be solved together with the
equations of the whole network, for reliable dynamic simula-
tions. The linearized form of the VSC equations is

i Apk i B Aﬁk ]
AQ AVy
APy A¢
AQo | _ [Ju | le} N
iz {721 w] |3, | Y
Iq,., AQreq
Vies AVieg
| Frn, | L Am)], |

where J;; comprises the first-order partial derivatives of the
nodal active and reactive power mismatches with respect to
voltage magnitudes and phase angles of the AC-side as well as
the voltage of the DC-side, as shown more explicitly in (35).
Likewise, J12 in (36) shows the partial derivatives arising from
the nodal active and reactive powers with respect to the vari-
ables corresponding to the VSC control circuits. The matrix .Jo;
consists of partial derivatives of the VSC’s discretized differen-
tial equations with respect to AC and DC voltages, as shown in
(37). Lastly, .Jo5 is a matrix that accommodates the first-order
partial derivatives of the VSC’s discretized differential equa-
tions with respect to their control variables, as shown in (38).

C. Initialization of Parameters and Variables

The steady-state equilibrium point that is used to start the dy-
namic simulation is computed using the conventional NR power
flow algorithm, which enables good starting conditions to en-
sure a suitable dynamic solution. In turns, the NR solution

- OAP, QAP OAP,;, OAP;,
20, Ve 26 aV,
IAQr BAQr  OAQr  OAQ:
_ a8y, oVy 8¢ X
Ji1 = | saB,  8AP, 9APR, 9AR, (35)
P04 Ve 96 Vo
OAQ DAQ OAQ OAQq
L a8, Ve 96 Vo
_ AP,
0 0 0 am/,
0 0 0 2%
Ji2 = oAR) (36)
0 0 0 5.7
771(1
dAQo 0 9AQ0
- OBy am’
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r 6Fﬁeq
o0 0 =
0 et 0 0
Jor = | ary aFy aFy. oFy (37
veg reg reg ey
205, B 9% o
OF,
L O 57, 0 0
- OF ..,
et 0 0 0
8F
0 Go= 0 0
— reg
S22 = 0 ofy,., OFy,,., OFy., (38)
ey Ve B,
OF, 8F
L 0 0 Aoy am/,

responsible for generating the steady-state equilibrium point is
initialized as follows: the amplitude modulation ratio m, and
the angle ¢ are set at 1 and 0, respectively. Also, B, is ini-
tialized at a value that lies within Bey- = Q4_win/Vo and

Beq+ = Qg_max/‘/(]o

D. Synchronous Generator and Its Controls, and Loads

The synchronous generator two-axis model may be ex-
pressed in terms of four differential equations. The swing
equation, given by two first-order differential equations, (39)
and (40), describes the motion of the generators’ rotor, whereas
(41) to (42) define the electrical transient behavior of the rotor
circuits, in the dg reference frame:

@ = fu(Pu, Pyyw, D, H, fo,wp) (39)
b= fo(w,wo) (40)
E) = fp (E}, Exa, 11, X4, X, To) (41)
By = fu,(Ey 1y Xq, X0 Tho) (42)

where T}, T}, are open-circuit transient time constants; £, £,
are the internal transient flux voltages; F 4 is the excitation
voltage; 14, I, are generators terminal currents; X}, X (’I are tran-
sient reactances; X4, X, are synchronous reactances; H is the
inertia constant [s], £, is the mechanical input power [p.u],
is the electrical output power [p.u], D stands for the damping
coefficient [s/rad], w is the synchronous speed [rad/s], fo is the
system operating frequency [Hz] and ¢ is the so-called load
angle [rad].

A simplified version of the IEEE-type I AVR model [16] is
used in this work to regulate the voltage at the generator’s ter-
minals through the applied field voltage Ey4. In this simpli-
fied representation, the saturation function is neglected as well
as the transductor function which represents the delay in the
measuring of the voltage at the generator’s terminal. Also, the
feed-back and the exciter blocks in the controller are neglected
owing to their very fast dynamics compared to the amplifier
block. For the case of the hydroturbine and governor equipment,
the models used in our dynamic simulations are shown in [14].

Lastly, the active and reactive powers drawn by the loads are
represented by their polynomial representation [17] in which
their degree of dependency with respect to their terminal voltage
is taken into account.
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Fig. 4. STATCOM performance during a disturbance. (a) DC-side behavior.
(b) AC-side behavior. (c) Reactive power output.

IV. COMPARATIVE STUDY

To validate the new STATCOM model, a comparative study
is presented in this section. To that end, the model presented
in [3] is used for comparison. The IEEE 9-bus system [11] has
been modified slightly, as seen in Fig. 3, where the STATCOM
placed at bus 3 provides reactive power support and keeps its
terminal voltage at 1.0253 p.u.

The generators connected at nodes 1 and 2 keep their volt-
ages at 1.04 and 1.0253 p.u, respectively. Table I shows the
steady-state results for both models where it can be noticed that
the inner active power loss and injected reactive power differs
significantly. Both models are subject to the same experimental
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TABLE I
SUMMARY OF STEADY-STATE POWER FLOW RESULTS FOR BOTH MODELS
Model taken from [3] New STATCOM model
Gen 1 Gen 2 STATCOM Gen 1 Gen 2 STATCOM
Py(MW) 158.68 163.0 -2.001 156.64 163.0 -0.012
0,(MVAR) 11.32 14.33 827 11.23 14.13 7.76
V(p.u) 1.04 1.0253 1.0253 1.04 1.0253 1.0253
M, N/A N/A 0.8378 N/A N/A 0.8377
0.8r
g 0.6
é’ 04~
on
= 02 } Model taken from [3]: Gen I
5 0~ Model taken from [3]: Gen 2 il
2 02 New STATCOM model: Gen 1
. * New STATCOM model: Gen 2
04 : : : . i £ i .
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Fig. 5. Generators’ rotor angle behavior.
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Fig. 6. Number of iterations during the dynamic simulation.

test which consists in tripping the line connecting nodes 7 and
8 at ¢t = 1 s. The simulation runs for a total of 5 s with a
time step of 10 ms. Following the disturbance, the STATCOM
starts taking control over the modulation index and injected re-
active power as seen in Fig. 4(b) and (c), respectively. Hence the
AC-bus voltage recovers rather quickly as depicted in Fig. 4(a).

The results of the dynamic simulation shown in Figs. 4 and
5 indicate that the output variables of our model are consistent
with those of the voltage source-type model [3], in spite of the
fundamentally different modeling approach used. The main nu-
merical differences are due to: 1) the way in which the inner
power losses are computed; and 2) the very different control
variables that both models use to control key variables at the
AC and DC buses.

Convergence is obtained in 5 iterations to a power mismatch
tolerance of 10~!2 for the steady-state solution. To show the
prowess of the numerical technique used to solve the new
STATCOM model during the dynamic simulation where the
tolerance used is 10~%, Fig. 6 shows the number of iterations
taken at every time step for both models. It is noticed that for
the first second, following the disturbance, the solution method
takes two iterations to converge owing to the state and control
variables experiencing more significant changes.

By the same token, the maximum number of iterations is
taken at the point at which the disturbance occurs. For most of
the simulation period, the algorithm takes only one iteration.
Note that in spite of the very different nature of the two models,
the number of iterations taken at every time step does not vary
considerably.
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Fig. 8. (a) Voltage performance. (b) Generated reactive power and consumed
active power when the VSC is managing a constant load on its DC side.

V. STATCOM OPERATING WITH A DC LOAD

To illustrate the great modeling flexibility afforded by the new
STATCOM model, a DC load will be connected to its DC bus, as
shown in Fig. 7. The STATCOM is located in the same location
in the network presented in Section IV. The constant DC load,
Pr4c, carries a value of 0.25 p.u.

In steady-state conditions, the consumed active power, P,
and the reactive power delivered to the grid, ()4, stand at
25.025 MW and 14.796 MVAr, respectively.

In this case, a load increase of 7% in each load point is simu-
lated at¢ = 1 s. The simulation runs for a total of 20 s. Fig. 10(a)
shows the system voltage performance over time at each node
of the network. As expected the VSC manages to satisfacto-
rily exert voltage control at the node where the equipment is
connected to. Its voltage is maintained practically constant fol-
lowing the disturbance thanks to its reactive power provision,
shown in Fig. 8(b). As expected, the DC load is kept constant,
as shown in Fig. 8(b), since it has been modeled to be a constant
power load.

VI. STUuDY CASES WITH MORE COMPLEX POWER NETWORKS

In order to test further the performance of the new STATCOM
model within a more realistic context in terms of the size of
a power network, two test systems are used, namely, the New
England system [12] and a large-scale power system [ 13] which
consists of 2172 buses.

A. New England Power System

Fig. 9 depicts the most relevant part of the New England test
network, where STATCOMs are placed at nodes 5 and 27. The
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simulation runs for 30 s, the selected time step is 10 ms and the
tolerance used is 1079,

In this scenario, the transmission lines connecting buses 25-2,
2-3 and 3—4 (which are transmitting about 237 MW, 381 MW
and 76 MW, respectively) are tripped at # = 1 s. As a conse-
quence, several nodes in the surrounding area experience a sig-
nificant decrease in voltage magnitude when the STATCOMs
are not embedded in the network, as seen on Fig. 10(a). This
contrasts with the voltage behavior when the STATCOMs are
in operation, as shown in Fig. 10(b), in the sense that the volt-
ages are stabilized much faster. The affected area benefits very
substantially during the transient period from the reactive power
generated by both STATCOMs, shown in Fig. 10(c). Such a
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Fig. 11. Results for: (a) modulation index, (b) DC-side voltage and (c) equiv-
alent susceptance.

fast speed of response makes the STATCOM very attractive for
power system applications.

Following the disturbance, the modulation index starts to
exert voltage control as depicted in Fig. 11(a). Its behavior is
governed by (18) from which it can be appreciated that when
the terminal voltage V}. is smaller than V.., the modulation
index derivative with respect to time is positive. This explains
the increasing values of m, for both STATCOMs just after
the disturbance. Likewise, the equivalent susceptances B,
increase their values in response to the voltage drops at their
respective DC buses as shown in Fig. 11(b) and (c). The reason
for the sharp increase in B,, can be better understood by refer-
ring to (15). This expression states that B., changes to reflect
the variations that take place in the voltage at the DC side, i.c.,
an increment in its value is obtained when Vj is less than the
reference voltage at the DC side. Moreover, as dictated by (8), a
positive change in B,, brings about an increase in the required
reactive power output of the STATCOM when a voltage drop
is detected at its terminals. The reactive power provided by the
VSCs after the transient period reaches approximately 80 and
65 MVAr, respectively, as shown in Fig. 10(c).

It should be noted that the state variables of STATCOM 2
are more sensitive to the disturbance since this STATCOM is
located nearer to the transmission line that connects buses 17
and 18, which becomes the only path to supply the large loads
connected at nodes 3 and 18. Thus, this device plays a key role
in improving the voltage profile at this specific point of the grid.
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Following the perturbation, a temporary rearrangement of the
power flows takes place in the system together with changes
in the powers drawn by the loads (owing to their voltage de-
pendency). All this brings about variations in power transfers
which are accompanied by changes in the angular separation of
the synchronous generators, as shown in Fig. 12.

B. Realistic Power System

A realistic power system which consists of 2172 nodes, 2294
transmission lines, 768 transformers and 160 power plants [13]
was used to test further the new STATCOM model. The relevant
part of the network depicted in Fig. 13 shows the location of
two STATCOMs which are integrated into the network at nodes
5 and 13. This part of the system concentrates a considerably
number of power plants which causes the main transmission
lines to be highly loaded even during normal operating condi-
tions. STATCOM 1 is located in the main high voltage transmis-
sion system corridor and STATCOM 2 is connected in a radial,
low voltage system, close to the main load points of this part of
the network.

A disconnection of the double circuit connecting buses 5 and
10 causes the voltage to drop very considerably if no dynamic
reactive compensation is available, as shown in Fig. 14(a). As-
suming that reactive power is provided by the STATCOMs, their
steady-state reactive power output stands at —160 MVAr and
30 MVAr in order to control their terminal voltage at 1 p.u.
and 1.03 p.u, respectively. As soon as the transmission lines are
tripped, the voltages in several nodes of the system start to drop
bringing the STATCOMs into operation to regulate dynamically
the voltage at their terminals, as shown in Fig. 14(c), reaching
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Fig. 14. (a) Voltage behavior with no STATCOMs. (b) Voltage behavior with
STATCOMs. (c) Reactive power provided by the STATCOMs.

approximately 450 MVAr and 80 MVAr during the transient pe-
riod. This reactive power provision helps ameliorate the voltage
drop in the affected areas, as can be seen in Fig. 14(b).

These dynamic simulation results show that the new
STATCOM model behaves equally well when implemented in
a large-scale power grid or when embedded in smaller power
systems. This is of paramount importance since power system
operators require dynamic models to be reliable regardless of
the network size and complexity.

VII. CONCLUSION

A new STATCOM model for dynamic simulations of large-
scale power systems has been put forward in this paper whose
modeling concepts do not rely on an equivalent voltage source
but rather on the use of a complex phase-shifting transformer
as its key element. The model solution is carried out using the
Newton-Raphson method which solves simultaneously the al-
gebraic and differential equations at each time step.

A comparative study was carried out to demonstrate that the
main output variables and the number of iterations that the new
model takes to converge at each time step is consistent with
those of a STATCOM model based on conventional voltage
source [3]. This is in spite of the modeling approaches being
fundamentally different. For instance, the inner active power
losses are calculated in a quite different manner and the DC-bus
representation in the new STATCOM leads to a much more flex-
ible model. The latter is something that the equivalent voltage
source-based model of the STATCOM definitely lacks.
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To check further on the robustness of the new model, in
what it would represent a more practical situation, a realistic
large-scale power system was employed. As expected, its
performance was equally reliable as when tested in the small
power networks. Generally speaking, the results presented
for three test networks show that the STATCOM manages to
satisfactorily support the voltage at its point of connection
with the power grid and that to a greater or lesser extent, its
beneficial effects spread to neighboring nodes.

APPENDIX A
In connection with Fig. 1(b), the voltage and current relation-
ships in the ideal tap-changing transformer are
Vi mli¢ myl—¢ I
— = and ==
Vo 1 1 I,

(AD)

The current through the impedance connected between & and
1is
I/l = Yl(Vk — Vl) = Yle - ’HL;Z()bYlVU = Ik (AZ)

where Y1 = 1/(R; + jX1). At node 0, the next relationship
holds

IO = _12 + GswVO = —m;[ — ¢Y1Vk
+m.2Y Vo + jBegm.,2Vo 4+ GawVo.  (A3)

Rearranging (A.2) and (A.3) yields

Ik _ Y1 —7’77/:1 lqs . Y1
I - —Tn;é — ¢ ‘Y 77’),u2(Y1 +JBeq) + Gow
Vi
X [Vo } . (A4
APPENDIX B

The implicit trapezoidal method is used to discretize function
(19), assuming linearity during the integration time step. The
ensuing algebraic equation for the time interval At is

At

Yo=Y, art 5 (Y artYy). (B1)
Rearranging (B1) as a mismatch equation gives
At - . At
Fy =Y act+ 7Y;7At - (Yt - 7Yt> =0. (B2)

APPENDIX C

The following parameters are used:

— 9-Node network: 1) Generators: r, = 0 p.u; Xy = 0.67;
X, = 062 pu; X = 0.132; X; = 0.166 pu; H = 4
s; D = 0.2 p.u. 2) STATCOM: Step-up transformer: X =
0.0586 p.u; tap = 1.0253.

— 39-Node network: 1) Generators: data taken from [13]. 2)
STATCOMs: Step-up transformer: X = 0.06 p.u; tap =
1.0.

— Data for both cases: 1) Turbine-governors: T, = 0.3; K =
0.06; T, = 0.5.2) AVRs: T, = 5; K4 = 10. 3) Loads:
pp = 02;p. = 04;p. = 04;q, = 0.2, g = 0.4
q. = 0.4. 4) STATCOMs: Gy = 0.01 p.u; 123 = 0.001
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pw; Xy =001 pw; Lyom = 3pu; Ky = 30; T, = 0.75;
Koo = 40; T/, = 0.10; K, = 0.01; K,, = 12.
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