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Abstract—In this paper, we propose decentralized controllers
for the design of the Automatic Generation Control (AGC) layer
in power networks equipped with Flexible AC Transmission
Systems (FACTS) devices. We focus on the capability, provided
by FACTS, of redirecting power flows by controlling physical
parameters of tie-lines. Control design is decentralized as the
procedure for synthesizing a controller for a generation area uses
information from neighboring areas only. Moreover, our method
is termed plug-and-play because, if a generation area is plugged
in or out, at most neighboring areas must update their controllers,
leaving the rest of the network unaffected. Performance brought
about by the proposed controllers is discussed on a benchmark
example.

I. INTRODUCTION

In the last decades, power demand has increased dramat-
ically while the growth of power generation and size of
transmission networks has been severely limited by economic
and environmental restrictions. In particular, lack of invest-
ments and difficulties in acquiring rights of way to build
new power lines caused overloads of existing grids. As a
consequence, maintaining power system stability has become
a very challenging problem. In large and interconnected power
systems, a possible solution to these problems is to equip tie-
lines with FACTS devices.
The main benefits brought about by FACTS are [1]:
• to enable the control of power flows acting on physical

parameters of tie-lines;
• to increase the loading capability of lines to their thermal

limits;
• to increase system security through the improvement of

transient stability.
In this paper, we will focus on the first benefit. Consider
a tie-line between two generation areas as in Figure 1. The
line is assumed to have inductive impedance Xline, while the
line resistance and capacitance are ignored. The active power
transmitted through the line is

P12 =
V1V2 sin (θ1 − θ2)

Xline
. (1)

In this case, control of Xline or of the displacement angle
enables the control of active power. In particular, using FACTS
connected in series to tie-lines, the impedance value Xline

can be modified. Therefore, in a power system with meshed

The research leading to these results has received funding from the Eu-
ropean Union Seventh Framework Programme [FP7/2007-2013] under grant
agreement n◦ 257462 HYCON2 Network of excellence.

V1∠θ1 V2∠θ2

P12

Xline

Fig. 1: Trasmission line among two generation areas.

topology, the presence of FACTSs allows one to redirect power
flows though different tie-lines in accordance with ownership,
economic contracts, thermal limitations, transmission losses,
and a wide range of load and generation schedules. This
capability offers important economic benefits as transmission
systems become more heavily loaded [2].

In this paper, we propose a decentralized control scheme
based on Model Predictive Control (DeMPC) for imple-
menting the AGC layer and, simultaneously, modifying line
impedances through FACTS. In decentralized control architec-
tures each subsystem (i.e. generation area) is equipped with a
local controller and local controllers do not exchange informa-
tion in real-time. While these features are appealing for coping
with the large-scale nature of power systems [3], [4], [5], [6],
[7], one of the main problems of existing decentralized and
distributed MPC approaches (see [8] and references therein) is
the need of a centralized off-line design phase, meaning that
controller synthesis is based on the knowledge of the whole
system. In the context of power systems, this can be a severe
limitation because a global model of the system can be very
difficult or costly to obtain. In these cases, it is desirable a
decentralized design procedure, i.e. to synthesize separately
local controllers for different areas. Similarly to [9] and [10]
we propose a novel solution based on the Plug-and-Play (PnP)
paradigm. In addition to design decentralization, PnP synthesis
has the following features: when a generation area is added to
an existing plant (i) local controllers have to be designed only
for the area and its neighbors, i.e. areas directly connected to it
through tie-lines; (ii) the design of a local controller uses only
information from the area and its neighbors. Remarkably, these
requirements allow a local controller to be synthesized using
computational resources collocated with the corresponding
generation area only. Furthermore, the complexity of controller
design and implementation, for a given area, scales with the
number of its neighbors only. As in [11] and in [12], the
key steps in the design of a local controller are performed
solving a Linear Programming (LP) problem. Furthermore,
stability and constraint satisfaction for the overall system



can be guaranteed. The main novelty, compared to the PnP
approach in [11], is the possibility to cope with areas that
are coupled through inputs. This capability is needed due
to the presence of controlled FACTS devices. As for any
decentralized synthesis procedure, our method involves some
degree of conservativeness [13], i.e. it implicitly assumes
that coupling between subsystems must be small enough.
However, in spite of these limitations, we demonstrate through
simulations that PnP-DeMPC is applicable to power networks
with realistic parameters and it can be used for redirecting
power flows.

The paper is structured as follows. In Section II we describe
a power network model that is useful for AGC design and
modify it in order to include the effect of FACTS devices.
In Section III we present the PnP-DeMPC approach, describe
how to design local controllers by solving LP problems and
illustrate how generation areas can be plugged in and out. In
Section IV we present simulation examples and Section V is
devoted to concluding remarks.

Notation. We use a : b for the set of integers {a, a +
1, . . . , b}. The column vector with s components v1, . . . , vs
is v = (v1, . . . , vs). The symbols ⊕ and 	 denote the
Minkowski sum and difference, respectively, i.e. A = B⊕C if
A = {a : a = b+c, for all b ∈ B and c ∈ C} and A = B	C
if a⊕C ⊆ B, ∀a ∈ A. Moreover,

⊕s
i=1Gi = G1⊕ . . .⊕Gs.

Bρ(z) ⊂ Rn denotes the open ball of radius ρ centered in
z ∈ Rn according to the Euclidean norm.

II. POWER NETWORK MODEL

We consider a power system decomposed into M areas
coupled through tie-lines. In each area, there are several
generators and loads but it is common to group all of them into
an equivalent generator and load, respectively. In particular,
we consider as equivalent generator a thermal power station
with single-stage turbine. Moreover, each area is equipped
with primary control. The dynamics of area i linearized
about equilibrium values can be described by the following
continuous-time LTI model [14]

ΣC[i] : ẋ[i] = Aiix[i] +Biu[i] +Li∆PLi +
∑
j∈Ni

Aijx[j] (2)

where x[i] = (∆θi, ∆ωi, ∆Pmi , ∆Pvi) is the state, u[i] =
∆Prefi is the control input, ∆PLi is the local power load
and Ni ⊆ 1 : M is the set of neighbors, i.e. areas directly
connected to ΣC[i] through tie-lines. Note that the neighboring
relation is symmetric, i.e. j ∈ Ni ⇔ i ∈ Nj . The matrices of

system (2) are defined as

Aii({Pij}j∈Ni) =


0 1 0 0

−
∑
j∈Ni

Pij

2Hi
− Di

2Hi
1

2Hi
0

0 0 − 1
Tti

1
Tti

0 − 1
RiTgi

0 − 1
Tgi



Bi =


0
0
0
1
Tgi

Aij =


0 0 0 0
Pij
2Hi

0 0 0

0 0 0 0
0 0 0 0

Li =


0
− 1

2Hi
0
0

 .
(3)

For the meaning of constants as well as parameter values we
defer the reader to [15]. We highlight that all parameters used
in (2) are within the range of those used in Chapter 12 of
[14]. Model (2) is input decoupled since both ∆Prefi and
∆PLi act only on subsystem ΣC[i]. Moreover, subsystems ΣC[i]
are neighbors-dependent since the local dynamics depends on
the quantity −

∑
j∈Ni

Pij

2Hi
which models power flows among

coupled areas. Indeed, the tie-line power flow deviation be-
tween two coupled areas i and j is defined as

∆P ijtie = −∆P jitie = Pij (∆θi −∆θj) . (4)

In presence of a tie-line with FACTS, the dynamic model (2)
needs to be revisited. For simplicity, in the following, we first
introduce FACTS on a power network with two areas ΣC[1] and
ΣC[2]. Then, we generalize the model to networks with multiple
areas. In the former case, the FACTS device is controlled by
one of the two areas, say ΣC[1], to manipulate the effective
impedance X12 of the line and control power flow. Therefore,
power flow deviation (4) is rewritten as

∆P 12
tieF = P12 (∆θ1 −∆θ2)−K12∆X12

∆P 21
tieF = −P12 (∆θ1 −∆θ2) +K12∆X12

(5)

where K12 is a FACTS device coefficient, defined as in [6],
and impedance deviation ∆X12 is a new input for ΣC[1]. Using
(5), models ΣC[1] and ΣC[2] given by (2) are replaced by

ΣC[1] : ẋ[1] = A11x[1] +B1u[1] + L1∆PL1
+A12x[2]

ΣC[2] : ẋ[2] = A22x[2] +B2u[2] + L2∆PL2
+A12x[2] +B21u[1]

(6)
where u[1] = (∆Pref1 ,∆X12) is the new input of ΣC[1] and
matrices B1 and B21 are defined as

B1 =


0 0
0 K12

2H1

0 0
1
Tg1

0

B21 =


0 0
0 −K12

2H2

0 0
0 0

 . (7)

We note that, using FACTS, subsystems ΣC[i] become input
coupled. In fact, the second input of ΣC[1] (i.e. ∆X12) also
acts on ΣC[2]. Generalizing to a power system composed by M
areas equipped with FACTS, we redefine model (2) as

ẋ[i] = Aiix[i] +Biu[i] + Li∆PLi +
∑
j∈Ni

Aijx[j] +
∑
j∈N fi

Biju[j]

(8)



where N f
i ⊆ Ni is the set of areas directly connected to ΣC[i]

through tie-lines with FACTSs that ΣC[i] does not control. We
also assume that each FACTS device is controlled by at most
one area. Note that some tie-lines may be not equipped with
FACTS.

III. DECENTRALIZED PLUG-AND-PLAY CONTROLLER

In this section we provide a state-feedback decentralized
control scheme similar to the one discussed in [11] and [12].
In the following, we consider a power network composed of
M areas and defineM = 1 : M . For each i ∈M, system Σ[i]

is obtained by discretizing model ΣC[i] with 1 sec sampling time
and treating u[i], ∆PLi , x[j], j ∈ Ni as exogenous signals.
We also introduce the following assumptions.

Assumption 1.
(I) The pair (Aii, Bi) is stabilizable, ∀i ∈M.

(II) Subsystems Σ[i], i ∈M are subject to the constraints

x[i] ∈ Xi, u[i] ∈ Ui (9)

Moreover, sets Xi and Ui are polytopes given by

Xi = {x[i] ∈ Rni : cTxi,τx[i] ≤ 1, ∀τ ∈ 1 : τxi } (10a)

Ui = {u[i] ∈ Rmi : cTui,τu[i] ≤ 1, ∀τ ∈ 1 : τui }, (10b)

where cxi,τ ∈ Rni and cui,τ ∈ Rmi .

The following controller will be used for each subsystem

C[i] : u[i] = v[i] + κ̄i(x[i] − x̄[i]) (11)

where κ̄i(·) : Rni → Rmi is a feedback control law. Note
that the control scheme is completely decentralized, since
each input u[i] depends upon state of subsystem Σ[i] only.
Furthermore, in (11) we set

v[i](t) = v[i](0|t), x̄[i](t) = x̂[i](0|t) (12)

where v[i](0|t) and x̂[i](0|t) are optimal values of the vari-
ables v[i](0) and x̂[i](0), respectively, appearing in the MPC-i
problem given by

min
x̂[i](0)

v[i](0:Ni−1)

Ni−1∑
k=0

`i(x̂[i](k), v[i](k)) + Vfi(x̂[i](Ni)) (13a)

x[i](t)− x̂[i](0) ∈ Zi (13b)
x̂[i](k + 1) = Aiix̂[i](k) +Biv[i](k), k ∈ 0 : Ni − 1 (13c)

x̂[i](k) ∈ X̂i, v[i](k) ∈ Vi, k ∈ 0 : Ni − 1 (13d)

x̂[i](Ni) ∈ X̂fi . (13e)

In (13), Ni > 0 is the control horizon, `i : Rni×mi → R0+ is
the stage cost, Vfi : Rni → R0+ is the final cost and X̂fi is
the terminal set. Function κ̄i(·) in (11), sets Zi, X̂i, Vi, X̂fi
and functions `i(·, ·) and Vfi(·) are computed with Algorithm
1.

Steps (IV) and (V) of Algorithm 1, that provide constraints
in (13), are the most computationally expensive ones because
they involve Minkowski sums and differences of polytopic

Algorithm 1 Design of a state-feedback controller for area
Σ[i]

Input: Aii, Bi, Xi, Ui, Ni, N f
i , {Aij}j∈Ni , {Bij}j∈N fi ,

ki > 0
Output: state-feedback controller C[i]

(I) Send sets Xi to neighbors i ∈ Ni and sets Ui to areas
j such that i ∈ N f

j

(II) Receive sets Xj from neighbors j ∈ Ni and sets Uj
from areas j ∈ N f

i

(III) Compute the set

Wi =
⊕
j∈Ni

AijXj ⊕
⊕
j∈N fi

BijUj (14)

and choose Z̄0
i such that Xi ⊇ Z̄0

i ⊇ Wi ⊕ Bωi(0) for
a sufficiently small ωi > 0. If such a Z̄0

i does not exist,
stop (the controller C[i] cannot be designed)

(IV) Check the LP feasibility condition in Step (II) of Algo-
rithm 6.1 in [16]. If it is not verified stop (the controller
C̃[i] cannot be designed)

(V) Execute Steps (III)-(IV) of Algorithm 6.1 in [16]. They
build the MPC-i problem (13) and the function κ̄i(·)
that is defined as in (6.15) in [16].

sets. The interested reader is referred to Sections 3.1-3.3 in
[12] and Chapter 6 in [16], where we show how to avoid
burdensome computations exploiting results from [17] and
how to compute the control law κ̄i through LP. The next
theorem summarizes the key properties of the closed-loop
system.

Theorem 1. Let Assumption 1 hold and let the feasibility
region for the MPC-i problem be

XNi = {s[i] ∈ Xi : (13) is feasible for x[i](t) = s[i]}.

Assume state-feedback controllers are computed using Algo-
rithm 1. Then, the origin of the closed-loop system is asymp-
totically stable, XN is a region of attraction and x(0) ∈ XN
guarantees state and input constraints are fulfilled at all time
instants.

Proof. A sketch of the proof is given in Appendix A.

We note that Algorithm 1 provides a decentralized proce-
dure for designing decentralized PnP regulators and it can be
executed in parallel for all subsystems. Indeed, neighboring ar-
eas are involved only in Step (II) where they transmit state and
input constraints. Therefore, as shown in Section IV in [10]
and in Section 6.4 in [16], plug-in and unplugging operations
are possible, involving only the update of a limited number
of controllers. More in detail consider, as a starting point,
a power network composed of areas Σ[i], i ∈ M equipped
with local controllers C[i], i ∈ M produced by Algorithm 1.
When a new area Σ[M+1] wants to plug in, Algorithm 1 must
be executed for designing C[M+1] and local controllers for the



neighboring areas of Σ[M+1]. If all controllers can be designed
(i.e. if Algorithm 1 never stops in Step (IV)), then Σ[M+1]

can be added to the network without spoiling stability and
constraint satisfaction. The unplugging operation is similar, as
the removal of an area requires controller reconfiguration for
neighboring areas only.

Remark 1. The PnP approach in [12] is based on tube MPC
[18], a robust MPC method developed for counteracting the
effect of bounded disturbances. More specifically, in order
to decentralize the computation of control variables we treat
coupling terms among subsystems as disturbances. In partic-
ular, the set Wi in (14) captures all possible “disturbances”
affecting area Σ[i] and, differently from [12], it accounts for
couplings through input variables.

IV. SIMULATION RESULTS

In this section, we apply the proposed PnP-DeMPC scheme
to the design of the AGC layer in power networks composed
by multiple power generation areas. All computations have
been performed using the PnPMPC toolbox for MatLab [19].
The goal is to steer frequency deviation ∆ωi and tie-line
power ∆P ijtieF to zero. Each subsystem ΣC[i] is endowed with
constraints on ∆θi and on ∆Prefi specified in [15]. Moreover,
we add a constraint on ∆Xij to the subsystems that control
FACTS devices as in Appendix A.1 of [20].
As a starting point, we consider the power network in Figure 2
composed of four areas. PnP design of controllers C[i], i ∈ 1 :
4 is described in [11] and in Chapter 6 [16] and simulations
show that the performance loss is negligible compared to the
use of the centralized MPC controller provided in [15]. Next,

∆Pref,1

∆Pref,2 ∆Pref,3

∆Pref,4Σ[1]

Σ[2] Σ[3]

Σ[4]∆ω1
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∆PL,4

P12

P23

P34

Fig. 2: Default power network. Bold arrows represent tie-lines.

we connect a new area and equip a tie-line with FACTS,
as shown in Figure 3. The set of neighbors of area 5 is
N5 = {2, 4}. Note that the tie-line between areas 4 and
area 5 has no FACTS. We choose to put the FACTS device
under the control of area 5 hence setting N f

2 = {5}. The
controllers C[j], j ∈ {5}

⋃
N5 are designed using Algorithm

1. We highlight that no retuning of controllers C[1] and C[3] is
needed since Σ[1] and Σ[3] are not neighbors of Σ[5]. In the
control experiment, step power loads ∆PLi are specified in
Table 3 of [19] and they account for the step-like changes
of the control variables that are represented in Figure 5.
In Figures 4, 5 and 6, we compare performances of the
proposed DeMPC scheme with those obtained in [11] and in

P25F
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Fig. 3: Power network after the plug-in of Σ[5]. The dashed
arrow represents a tie-line with FACTS.
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Fig. 4: Frequency deviation in each area controlled by the
proposed DeMPC with (bold line) and without (dashed line)
FACTS.

Chapter 6 of [16] for the same network but without FACTS.
At t = 40 s, we have ∆PL5 = −0.1 pu and ∆PL4 = 0.08 pu
that instantly results into a surplus of power for Σ[5] and a
deficit of power for Σ[4]. Without FACTS, we can observe a
power flow from Σ[5] to Σ[4] consistent with the imbalance
of powers. However, in presence of FACTS and choosing the
function `2 in (13a) so as to favor variations of ∆X52, the
power flow is redirected through the path 5 − 2 − 3 − 4.
This can be noticed in Figure 6 because, after t = 40 s,
the large negative peak in the power flow between areas 4
and 5 is avoided and more power is transferred between areas
5 − 2, 2 − 3 and 3 − 4. Moreover, in Figure 4 we observe
that, thanks to FACTS, Σ[5] has a better behavior in terms of
frequency oscillations during the transient. This improvement
comes at the expense of neighboring areas, e.g. Σ[2]. Finally,
Figure 4 shows that, thanks to the stabilizing properties of our
controllers, the nominal frequency is attained, as t → +∞,
for all areas.
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Fig. 6: Power flows between areas with (bold line) and without (dashed line) FACTS.
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Fig. 5: Load reference set-point in each area controlled by the
proposed DeMPC with (bold line) and without (dashed line)
FACTS.

V. CONCLUSIONS

In this paper we proposed a PnP control technique in order
to design the AGC layer for power networks and control, si-
multaneously, FACTS devices. To this purpose, we generalized
the PnP-DeMPC scheme in [12] to the case of subsystems
coupled through inputs. Our approach is non-cooperative in
the sense that each area tries to counteract the effect of
coupling with neighboring areas. Future research will focus

on generalizations of PnP-DeMPC in order to exploit FACTS
devices so as to favor cooperative behaviors among areas.
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APPENDIX

A. Proof of Theorem 1

The proof of Theorem 1 easily follows from proof of
Theorem 6.1 in [16]. The key change is in Step 1 of the proof,
where the chain of set inclusions given in formula (6.34) must
be replaced by⊕

j∈Ni

AijZj ⊕
⊕
j∈N fi

BijUzj ⊆

⊆
⊕
j∈Ni

Aij
[
Xj 	Bρj,1(0)

]
⊕
⊕
j∈N fi

Bij
[
Uj 	Bρj,2(0)

]
⊆
⊕
j∈Ni

[
(AijXj)	

(
AijBρj,1(0)

)]
⊕⊕

j∈N fi

[
(BijUj)	

(
BijBρj,2(0)

)]

⊆

⊕
j∈Ni

AijXj

	
⊕
j∈Ni

AijBρj,1(0)

⊕
⊕
j∈N fi

BijUj

	
⊕
j∈N fi

BijBρj,2(0)


⊆Wi 	

⊕
j∈Ni

AijBρj,1(0)

	
⊕
j∈N fi

BijBρj,2(0)

 .

All the above inclusions can be justified as explained in [16]
right after formula (6.34).


