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Abstract— This paper deals with the problem to guarantee
system stability and voltage regulation in multimachine power
systems. The power system is decomposed in n subsystems each
one containing a synchronous generator. For each subsystem
two input-output models of low order are derived modelling
the electrical and mechanical dynamics, respectively. Each
model presents parameter uncertainties and input disturbance.
A voltage controller based on the internal model control is
designed and sequentially a stabilizing controller (PSS) is
designed so as to enhance swing damping. According to the
decentralized approach, the controllers use only locally avail-
able measurements. Numerical simulation studies conducted
on a three machine test power system show the performance
obtained in the presence of severe contingencies.

I. INTRODUCTION

In power systems control, the problem to improve transient
stability and voltage regulation is a key issue to provide
reliable and efficient operations of the transmission system. A
short-circuit in power systems may not only cause the system
losing synchronism but also result into short-term voltage
dips. It is then important that the control system acts both
to suppress the potential instability due to poorly damped
power angle oscillations and to quickly restore the pre-fault
voltage [1], [9].

The problem to guarantee transient stability is difficult to
pursue in centralized control. In fact, due to the physical lim-
itation on the system structure, a large amount of information
exchanges between the control systems is usually unfeasible.
These difficulties have motivated the use of different design
techniques based on the decentralized control theory, see
among them [2], [3], [4], [7], [8], [11], [14], [16].

From the modeling point of view, it is a common practice
to regard a multimachine power system as a set of small in-
terconnected subsystems, each one presenting a synchronous
generator [5], [8], [13]. In this paper, each subsystem is rep-
resented by two input-output differential models representing
the electrical and mechanical dynamics, respectively. Each
model is developed without using linearization techniques.
It is obtained by arranging the generator and the network
models so as to representing nonlinearities by bounded time
functions which concur to form uncertain parameters and
unknown inputs disturbance of class L.

A voltage controller and a stabilizing controller (PSS)
are then sequentially designed. The voltage controller is
designed according to the internal model control technique
which ensures set-point regulation while giving robustness
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with respect to model uncertainties and disturbance rejection.
Concerning the PSS, the stabilizing signal is an algebraic
function of the electrical power and its first time derivative,
so as to use only measurements of electrical quantities. The
two gains of the PSS are designed with the aim to attenuate
the effect of the disturbance thus improving the swing
damping. Thanks to the low order of the mechanical model,
some considerations are provided to guide the tuning of the
two gains. It is important to remark that the advantage of a
straight-forward design presents the drawback of a trade-off
between the transient performance of voltage regulation and
electro-mechanical damping. Numerical simulations show
that the designed controllers exhibit acceptable performance
both in terms of electromechanical oscillations damping and
voltage regulation in presence of different locations of the
three-phase short circuit.

II. POWER SYSTEM MODEL

Under standard assumptions, the dynamic model of a
power system consisting of n-machines interconnected by
a transmission network can be described as follows [1], [9]

s
3 (1) = Awi(t) (1)
dAwi o Di ] _ ﬂ .
5 ()=~ Awilt) = 72 APu() @)
d /i 1 / 7N -
30 =~ (640 + (s — i)
—kei Ufi(t)) 3)
where 1 =1...n and

iai(t) =Y €l (t) o (1) (4)

j=1
iqi(t) = ) en;(t) Bij(t) (5)

j=1
Vai () = Tqi 1gi(t) (6)
0gi(t) = eqi(t) — 2iai(t) (7)
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with
ij(t) = —Byj cos(6;(t) — 0;(1))) )
Bi;(t) = Bijsin(6;(t) — 0;(t)). (10)
The active electrical power is given by
Pei(t) = vai(t) iai(t) + vgi(t) igi(t)
which, using (6) and (7), can be rewritten as
Patty = 2O wam@u oy an

Ty; Lqi Ty

In (1)-(10), d;(¢) is the rotor angle; Aw;(t) = w;(t) — wp
the speed deviation; w;(t) the rotor speed; wgy the syn-
chronous speed; AP,;(t) = Pe;(t) — P the power devi-
ation; P,;(t) the active electrical power; P,,; the mechanical
input power; eql (t) the transient emf in the quadrature
axis; q;(t) the direct axis current; %, (¢) the quadrature
axis current; v;(t) the terminal voltage of the synchronous
generator; vg;(t) the direct axis terminal voltage; vy, (t) the
quadrature axis terminal voltage; vy;(¢) the control input
of the excitation system; D); the damping torque constant;
H; the inertia constant; Tc,l()i the direct axis transient open
circuit time constant; x4; the direct axis reactance; xfh
the direct axis transient reactance; x4 the quadrature axis
reactance; k¢; the gain of the excitation amplifier and B;;
the susceptance between ¢ and j nodes. In addition, v ;(¢)
is constrained by

Vimi < vpi(t) < V. (12)

III. VOLTAGE CONTROLLER DESIGN

The design of the i-th voltage control scheme will be de-
veloped under the assumption of normal operating conditions
of the power system. The first step is to write the differential
input-output model with input v, (¢) and output v;(¢). To this
aim let us start by substituting (4)-(5) into (6)-(7) and bearing

in mind that «;;(t) = —Bj; it has
vai(t) = zg; Z en; () Bij(t) (13)
vgi(t) = (1+ 2 Bus) €i(t) — xy; filt) (14)
with
Z el (t) ot (15)
J#i
Solving (14) with respect to eg;(t) yields
1
els(t) = T (qu (t) + 'y fi(t)). (16)

Differentiating (14) with respect to time and using (3) one
has

dvqi 1 + $ii B” / / .
(1) = ——="—(eai(®) + (zai — ;) iai ?)
dt Tho: ( a d
df;
ke vgilt)) - oy dJ; (t). (17)
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The substitution of (4) and (16) into (17) after some
manipulations yields

d’qu 1 Tdi

gt () =~ (1= Buloas = i) vi(t) = 2 (0
1 + .Z‘LI B“ ’ de
1) 4y s _ ) . 1
Téoz' kCl Ufl(t) T q; dt (t) ( 8)
Differentiating (6) one has
dvdi diqi
while differentiating (8)
dv; dvg; dvg;
v;(t) E(t) = vgi(t) Tz(t) +vgi(t) ar (t) (20)
and substituting the following expressions
Vgi(t) = vi(t) cos ¢i(t) 21
vgi(t) = v;(t) sin ¢;(t) (22)
into (20) it results
dv; dvg; dvg;
(t) = cos ¢;(t) —2L(t) + sin ¢;(t) d (t) (23)

dt dt dt
where ¢;(t) is the phase displacement between the ¢;-axis
and v;(t) with 0 < ¢;(t) < 7/2.
Now, substituting (18) and (19) into (23) using (21) one
finally obtains

dv;
T O+ @) vi(t) = kb vpa(t) +wni(t) 24
with
auilt) = = B“ﬁ“ ZTai) o2 (1) (25)
d0%
bui(t) = ”TxidB 08 6 (t) (26)
d0i
La; fz
woit) = (= filt) + 2t () con ()
dig
g2 (¢)sin 6 (1) &)

where a,;(t) and b,;(t) can be regarded as uncertain time-
varying parameters. The susceptance B;; is equal to zero in
open-circuit condition while it is equal to —1/(z, + ;) in
short-circuit condition, where x;; denotes the reactance of
the transformer. Based on this consideration, the uncertain
parameters are constrained by

1 Tdi d
0 < ayi(t) < ( )
avilt) T " Ty + Thi
1
0 < byi(t) < )
Tc/lOz

Looking at the expression (15) of the term f;(¢) that
appears in w,;(t), see (27), it can be recognized that w,;(t)
takes into account the interactions between the i-th sub-
system and the others n — 1. In practice, the regulation
and stabilization of the j-th subsystem (j # i) is viewed
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Fig. 1. Internal model control-based voltage control scheme.

as a disturbance which affects the regulation of the i-
th subsystem. Furthermore, since at the equilibrium point
signals e ;(t) and 74, (t) are constant, the amplitude of w,; (t)
will be constant.

Denoting by G,;(s) the transfer function from v¢;(t) to
v;(t) obtained from model (24) and denoting by ém(s) an
estimate of G,;(s), the internal model control-based design
of the voltage controller is

Chi(s) = Fy(s) Gui(s) ™ (28)

where F;(s) makes C,;(s) realizable and F;(0) = 1. The
design of Fj(s) may also be developed with the aim to
impose a desired shape to the closed-loop response wv;(t).
The internal model control scheme is depicted in Figure 1
where G (s) is the transfer function from w,;(¢) to v;(¢)

From the analysis of the scheme in Figure 1 it can be
recognized that set-point tracking and asymptotic disturbance
rejection are achieved regardless model mismatching be-
tween Gyi(s) and Gy;(s).

IV. PSS DESIGN

Considering a first-order approximation, the electrical
power of the PSS can be expressed by

oP.;
~ v, () vpss,i(t)
in which P, ;(t) represents the contribution, during tran-
sient, of the PSS to the rotor angle dynamics given by (2)
and vy, () is the stabilizing signal output by the PSS.
Accordingly, by adding in (2) the expression of P, ;(t)
given by (29) one has

Bpssi(t)

(29)

dAwi . Dl wo 8Pei
(0=~ M- (APe,(tHa—Ui(t) Opssi(1))
(30)
Let us define
OP,;
APy (t) = AP, (t) + (t) vpss,i(t) (31

an
the actual measurable power deviation which coincides with
APei(lf) when Upss,i(t) =0.

Substituting (21) and (22) in (11), the active electrical
power becomes
vi(t) egi(t) —— ,
P.(t) = %qz sin d)i(t)—wvf(t) sin(2 ¢;(t)).
L 22qi Ty,

(32)
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Fig. 2. Overall control scheme.

Since P,,; is constant, differentiating (32) it has

dAP.,;, . 9P,

& (t) = 90, (t) Aw; (t) 4+ wp; (t) (33)
with
OF.; , . dv; oP.; , . dey; 0P, dv;
wni(8) = 2 0) 7 (0 5o () 2 (0= 520 T @)
(34)
with () = 6;(t) — ¢i(t).
From (33) it has
oP,; -1 /dAP,;
Awi(t) = ( 5 (t)) ( (1) - wpi(t)). (35)
Now, let us define the following control law
dAP;
Upss,i(t) = km' APM + kpd,i 7t(t) (36)

dt

Substituting for A P; and its first order derivative obtained
by (31), neglecting the higher order term

d 0P,
0 (G O vpesi)
it is possible to rewrite control law (36) as
Upss,i (t) = ! - pd, - (t)
Lok ey g, ey
P 81}1- P 6‘1}1«
(37)

The substitution of (35) and (37) in (30) finally gives
the closed-loop differential model in the machine variable
AP, (t) and disturbance wy;(t).

) OP,; P,
d*AP,; D;  wo Ovu(t) 0g;(t) ' dAP,;

= W (E N Hi . OFe 0 kpd”) a

pr a’l)i

wo OF; 1 A dw,,;

TH, 90i(t) |5, 0Py AFalt) = =~
pr avi

D;

L wpi(t) =0 (38)
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From the expression of the input disturbance wy;(t) given
by (34) it can be recognized that wy;(t) takes into account
the mutual influence between the electrical and mechanical
dynamics of the same subsystem. In particular, it can be
viewed as an “electrical disturbance” which affects the
swings damping. Then, to mitigate the effects of w,(t) on
Aw; (), it is advisable to choose values of kp; and kpq; so
as to realize a filtering action of wy,;(t) across the typical
frequencies of about few radiants per second. Then, higher
values of kp; and kq;, compatibly with the achievable
performance and imposed limits (12), would improve swings
damping but may lead to undesired values of overshoots of
v;(t). In fact, higher values of kp; and k,q,; result into an
increased amplitude of vy, ;(¢), see (36), and, consequently
of vy;(t), see Figure 2.

At the equilibrium point it has lim; . wp;(t) = 0.
Since control law (36) guarantees asymptotic stability of
the closed-loop system (38), it results lim; , ., AP,.;(t) =0,
and, consequently, from (37) lim;_,o vpss,i(t) = 0. Hence
limy 00 AP(t) =0

Signal vyss,:(t) requires the availability of dAP;;(t)/dt.
It can be obtained, for example, by using a tracking differ-
entiator which can track the differential of the input signal
with high precision and fast converging speed [15].

Finally it is important to remark that the proposed design is
effective if each i-th controller stabilizes the i-th synchronous
generator. This assumption is quite reasonable and it is
fulfilled when the oscillation phenomena are local, that is
when oscillation amplitude is very large for few generators,
that are close to each other and form a single area, and small
for the generators of other areas. On the other hand, when
facing inter-area oscillation phenomena, different approaches
should be adopted, see for example [12].

V. CASE STUDY

The simulated power system is shown in Fig. 3. It is a
three-phase 220 kV-50 Hz network which is connected at
node 1 to a larger system which is represented by a network
equivalent with a short-circuit power equal to 1000 MVA
and an open-circuit voltage equal to 1.01 p.u. (per-unit) on
a 220 kV base. The assumed short-circuit power value is
much lower than the typical values in HV nodes, so as
to considering critical conditions for stability studies. The
220 kV overhead transmission lines present the following
values per length unit: series resistance equal to 84 m{2/km,
series inductance equal to 1.3 mH/km and shunt capacitance
equal to 8.6 nF/km. At nodes 3 and 5, two loads, named
respectively 1 and (Qo, are connected both with a power
factor equal to 0.9 and rated power equal to 350 MW.
At nodes 2, 4 and 6 of the network are connected three
synchronous generators whose parameters are listed in Ta-
ble I. The simulation is developed using the PSCAD/EMTDC
software, a simulation tool for analyzing power systems
transients(https://pscad.com/).

In the voltage controller design, assuming

ém‘(s) _ kci bf}i
S+ Qy;

978-1-4673-2529-5/12/$31.00 ©2012 |IEEE

Network

equivalent

L5 (100 km)

Fig. 3. Simulated power system.
TABLE I
DATA OF THE SYNCHRONOUS GENERATORS.
Parameter SG1 SG2 SG3
Type of rotor ~ Massive  Salient pole  Massive
Sn [MVA] 370 125 190
vn [kV] 25 16 20
fn [Hz] 50 50 50
H [s] 7.5 7 7
D [p.u.] 4 2 2
zq [p-u.] 1.9 1 2
x}’; [p.u.] 0.302 0.3 0.2
z, [pu] 0.204 0.2 0.15
zq [pu] 1.7 0.7 2
:c’% [p.u.] 0.5 - -
x, [pu] 03 0.2 0.15
Té‘}’ [s] 8 5 7
T, [s] 0.027 0.06 0.03
T; [s] 0.235 - -
T, [s] 0.012 0.06 0.06
¢ [p.u.] 0.1 0.1 0.1

the following parameter values have been chosen

Gp1 = 0.1905 dyo = 0.2821 d,3 = 0.3528
by = 0.0668 byo = 0.1072  b,3 = 0.0875

which have been obtained from (25)—(26) assuming B;; =
—1.0 p.u. and ¢; = 40 degrees. Moreover it is set k.; = 1.0.
Concerning filter F;(s) in (28) it is chosen the following
structure
=2
a‘.
F;(s) =40 — —.
() =40 5 (s 1 20aw)
In the PSS design the following values for the parameters
in the closed-loop system (38) have been assumed

8P61 8P52 8P€3
=0.18 =09 —=0.15
Ovy Ovy Ovs
aPel anQ 8Pe3
=21 = =238.
6(;51 8¢2 a¢3

Two different PSS, named PSS, and PSSp have been
designed. For each of two PSS and for each synchronous
generator, the corresponding gains are reported in Table II.
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TABLE I
PARAMETERS OF THE TWO PSS DESIGNS.

PSS Generator  kp; kpd.i
SG1 -41 5.1
PSSy SG2 -9.4 0.6
SG3 -21 2.6
SG1 -120 10
PSSp SG2 -80 8
SG3 -80 8

In particular, the gains of PSSp are higher than the ones of
PSS4, so as to improve rejection of wy; (¢).

In the first simulation the symmetrical three-phase short
circuit fault occurs at the middle of the transmission line Ls.
The fault appears at time ¢t = 1 s and at time ¢t = 1.2 s is
cleared. The fault clearance causes the exclusion of the line
L3 so that the post-fault operating condition is different from
the pre-fault one. The results of the simulation are reported
in Figs. 4-5, respectively for PSS4 and PSSp.

From the simulation results it is possible to state that
swings damping and voltage regulation are satisfactory
achieved after fault clearance by both designs. Comparing the
two Figures, it is apparent that, as expected, PSSp presents
a better damping of mechanical oscillations. However, such
an improvement has a drawback in terms of performance
of the voltage regulation. Indeed the overshoot of voltages
above the reference value (assumed equal to 1.02 p.u. for
all the generators) in the case of P.SSp is unacceptable in
actual power systems. For this latter reason PSS, design
must be preferred.

In the second simulation the symmetrical three-phase short
circuit fault occurs at busbar 6 where SG3 is connected. The
fault always appears at time t = 1 s and at time t = 1.2 s is
cleared. The results of the simulation are reported in Fig. 6
in the case of PSS4 design. Due to the fault position, SG3
is subject to a larger swing and to a deeper voltage sag with
respect to SG1 and SG2. Comparing the results with the ones
of the first simulation reported in Fig. 4, it is important to
note that, after the fault is cleared, the time evolutions are
quite similar and the system restores the pre-fault conditions
in about the same time interval.

VI. CONCLUSIONS

The decentralized control-based design of a voltage con-
troller and a PSS has been presented to achieve transient
stability and voltage regulation in multimachine power sys-
tems. The approach is simple to apply and is sequentially
developed in the sense that each controller is designed
regardless from the presence of the other one. The voltage
controller is designed according to the internal model control
while the PSS with the aim to reduce the influence of the
voltage regulation on the swing damping. Despite the design
has been developed under the assumption of noninteractive
controllers, the simulation results have indicated that the
controllers can provide satisfactory transient control when
the system suffers from the uncertainties and disturbances.
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Fig. 4. Three-phase short-circuit on line L3: case of PSS 4 (plots: SG1
blue, SG2 red, SG3 green).
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Fig. 6. Three-phase short-circuit at busbar 6: case of PSS 4 (plots: SG1
blue, SG2 red, SG3 green).
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