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Abstract—This paper considers a distributed control algo-
rithm for frequency control of electrical power systems. We
propose a distributed controller which retains the reference
frequency of the buses under unknown load changes, while
asymptotically minimizing a quadratic cost of power generation.
For comparison, we also propose a centralized controller which
also retains the reference frequency while minimizing the same
cost of power generation. We derive sufficient stability criteria
for the parameters of both controllers. The controllers are
evaluated by simulation on the IEEE 30 bus test network, where
their performance is compared.

I. INTRODUCTION

Distributed control is in many large-scale systems the
only feasible control strategy, when sensing and actuation
communications are limited. One important class of large-
scale systems are electrical power systems, which employ
automatic generation control (AGC) [1], [2] and frequency
controllers [3], [4]. The frequency controllers are mainly
centralized [5], [3], however some efforts towards distributed
control of power system frequencies have been made [6].
Due to load and generation changes as well as model im-
perfections, a proportional frequency controller cannot reach
the desired reference frequency in general. To attenuate static
errors, integrators are used [4]. Due to the inherent difficulties
with distributed PI control [7], automatic frequency control
of power systems is typically carried out at two levels: an
inner and an outer level. In the inner control loop, the fre-
quency is controlled with a proportional controller against a
dynamic reference frequency. In the outer loop, the reference
frequency is controlled with a centralized PI controller to
eliminate static errors. While this control architecture works
satisfactorily in most of today’s situations, future power
system developments might render it unsuitable. For instance,
large-scale penetration of renewable power generation in-
creases generation fluctuations, creating a need for fast as
well as local disturbance attenuation. Distributed control of
power systems might also provide efficient anti-islanding
control and self-healing features, even when communication
between subsystems is limited or even unavailable [8], [9].
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In this paper we propose a novel distributed frequency con-
troller for electrical power systems. We extend the distributed
frequency controller proposed in [10] to also minimize a
quadratic generation cost function, besides regulating the bus
frequencies towards a reference frequency under unknown
load changes. We derive sufficient conditions based on the
eigenvalues of the system matrix under which the power
system is asymptotically stable. We also provide sufficient
conditions on the parameters of the controller, under which
the distributed controller stabilizes the power system. These
conditions take the form of scalar inequalities, which are
easily verified. We also propose a centralized frequency
controller for electrical power systems, and provide sufficient
stability conditions for this controller.

The rest of the paper is organized as follows. In section II
we introduce the mathematical notation used throughout the
paper. In section III we introduce the model and define the
problem treated in this work. In section IV we introduce a
distributed controller and analyze the stability of the closed-
loop system. In section V we specify a centralized controller,
and provide stability analysis. In section VI we compare the
performance of the distributed and centralized controllers by
simulations on the IEEE 30 bus test system. The paper ends
by some concluding remarks in section VII.

II. NOTATION

Let G be a graph. Denote by ¥V = {1,...,n} the vertex
set of G, and by £ = {1,...,m} the edge set of G. Let \;
be the set of neighboring vertices to ¢ € V. Denote by B =
B(G) the vertex-edge adjacency matrix of G, and let £ be the
Laplacian matrix of G. In this paper we will only consider
static, undirected and connected graphs. For the application
of frequency control of power systems, this is a reasonable
assumption as long as there are no power line failures. For
undirected graphs it holds that £ = BBT. Let C~ denote
the open left half complex plane, and C~ its closure. We
denote by c,x,, a vector or matrix of dimension n X m
whose elements are all equal to c. I, denotes the identity
matrix of dimension n.

III. MODEL AND PROBLEM SETUP

We consider a power system consisting of n buses. The
topology of the power system is given by the graph G =
(V, ), where V is the set of buses and £ is the set of power
transmission lines. Let §; be the phase angle of bus . The
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dynamics of the power system are assumed to be given by
the swing equation [4]:

mz§z + dlé‘l = — Z kij sin(éi — (SJ) —l—plm + u;, @))]
JEN;

where m; > 0 and d; > 0 are the inertia and damping
coefficient, respectively, of bus 7, p;* is the power load and
u; is the power generation, k;; = |V;||V}|b;;, where V; is
the voltage of bus 7, and b;; is the susceptance of the power
line (7, 7). By linearizing (1) around the equilibrium where
x; = x; Vi,j € V, the linearized swing equation is obtained:

mlél + CZ,L(SZ = — Z ]{,‘ZJ((Sz — (5]> _’_p;n + Uj. (2)
JEN;
By defining the state vector 6 = [d;,...,d,], and the bus
frequencies = w, we may rewrite (2) in state-space form
as

5 _ Onxn In 5 On><1 0n><1
M - [Mﬁk ~MD| |w| TP | T M| @
where M = diag(mil, .., —), D = diag(dy, ..., dy), Ly
is the weighted Laplacian with edge weights k;;, P =
T T .
[p}", . ,p’,ﬂ , U = [ui, . ,un] . Assume that there is
a cost f¢(u;) = +Cyu? of generating the power u; at bus 1.
The objective is to design a distributed control protocol that

satisfies the following conditions:

Condition 1: The controller asymptotically regulates the
ref

bus frequencies to the reference frequency w™, i.e.,
lim w;(t) = w™ Vi e V. 4)
t—o0

Condition 2: The power generation minimizes the accu-
mulate generation cost in steady state of (3), i.e.,

lim u(t) = u*, ®)

t—o0

where u* is the minimizer of

1
Z iCzuf st. Lpd—u=P™—wD1l,, (6
i€y
where the constraint assures balance between generated and
consumed power in stationarity.

IV. DISTRIBUTED CONTROL
A. Proposed control protocol
We propose the following control protocol:

u; = OL(CZJZ — wi)

Oi =B D kijalC)(ey —wy) = Cil@i —wi)) | (D
JEN;

+ (W — w;)

where a, 8,7 € RT. We will show that the controller (7)
satisfies conditions 1 and 2.

Note 1: The control protocol (7) is distributed, and its
communication graph is assumed to be identical with that
of the power system.

Note 2: C,u; can be interpreted as the marginal cost of
power generation for bus <.

B. Sufficient stability criterion based on eigenvalues

In this section we study the stability of (3) with the
control given by (7). We first give sufficient conditions for
the stability of the proposed control protocol based on linear
system theory.

Theorem 1: The power system (3) with control input
(7) satisfies Conditions 1 and 2 for any initial condition
(6(0),w(0)) if the matrix

—afLrC Opxn aBLLC —~I,
A é 0n><n On><n I’n.
aM —ML, —M(D+al,)

where C = diag|cy, . . ., ¢,] has exactly one eigenvalue equal
to zero and all other eigenvalues in the open left half complex
plane.

Proof: Assume that A has exactly one zero eigenvalue,
and all other eigenvalues in the left half complex plane. It
can be verified that the dynamics of the system (3) with the
control given by (7) can be written as

& w P
ol = Ald + 0n>< 1 . (8)
w w MP™

Consider the linear change of coordinates:

6= [Jrlwa 8|0
L11><n
o = | Vi |

where S is a matrix such that {ﬁ Lnx1 S} is an orthonor-
mal matrix. In the new coordinates the system dynamics are
given by:

& = —aBLiCd + (aBLrC — YL )w + YLy w™

11
N Ixn w

y= |V

&= aMa—ML, [ﬁlnu S} §'—M(D+al,)w+MP.
By defining the output of the system (3) and (7) as

y= [ﬁjé] _ e [Hna s] 5/] _ [[o L] 5/}

w w
which are the system states of interest, we note that ¢} is
unobservable. Hence we may omit this state by defining 6" =

[05,...,0.]. In the new coordinates the system dynamics are
given by
w w Ylax1
o = A" + | O0pm—1yx1 |, (€))
w w MP
£p
where
7aﬂ£kc On,x(n—l) aﬁ‘ckc - PYITL
A = | 0n—1)xn  Om—1)x(n-1) ST
aM -MLpS  —M(D+al,)
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We now show that A has full rank. Consider

w 0n><1
Ald| = O(n—l)xl
nx1

The second row of the above equation gives STw =
Otn—1)x1,» implying w = kl,x1. The first row gives
afpLlCo = (afLrC — vI,)kl, x1, which implies £ = 0
since 1,,x1 does not lie i the range of L. Finally, the third
row gives MLpS6" = 0¢,—1)x1, implying 0" = O(—1)x1-
Since by the change of coordinates, the eigenvalues of A
remain the same, we also conclude that A’ has the same
eigenvalues as A, except the zero eigenvalue. It follows that
A’ is Hurwitz iff A has exactly one zero eigenvalue, and all
other eigenvalues in the left half complex plane. We now
shift the state-space by defining

w w
sl = |6 —A/_lb.
w w

It follows that in these new coordinates, the system dynamics
are

w w
gl = A |6 (10)
w w
The equilibrium solution of (10) satisfies
aBLLC(w — @) — yw = Ylpx1w™ (11)
STw = 0,x1. (12)

As the rows of ST are orthonormal to 11y, (12) implies that
w = c11lpx1, where ¢; € R. Substituting this in (11) yields

aBLLC(w — &) — ye1lnx1 = Ylpxiw™.

Since 1,,x1 is not in the range of L, we conclude that ¢; =
W™, implying that (4) is satisfied. Furthermore (11) implies
C(w—w) = ¢al,%1- The KKT conditions [11] of the convex
constrained optimization problem (6) are

Cu=Ca(w—&) = A,x1,

where ) is the Lagrange multiplier. Since the equilibrium of
(10) implies the KKT conditions, and the KKT conditions
are necessary and sufficient optimality conditions, the equi-
librium of (8) must be the optimal solution of (6). [ |

C. Explicit sufficient stability criterion

While Theorem 1 provides a relatively straightforward
condition whether a given set of parameters result in a stable
system, it does not suggest how to stabilize an unstable
system. In the following section we give sufficient conditions
for when A has all eigenvalues except one in the left complex
plane.

Theorem 2: A has exactly one zero eigenvalue, and all
other eigenvalues in the left half complex plane if the

following conditions are satisfied

ﬂ)\max (Lk Oﬁk )m

1 1 . D
B Amin <2(LkOM + M C’Lk,)> + 1+ = (13)

1
B Amin (2(LkCD + DCLk)) +7v>0 (14)

1
BAmin (2(L;¢C‘M‘1 + M‘lc*Lk)> +1+ % > 0. (15)

where m = min; m; and D = min; D;.

Remark 1: Given the power system parameters and the
controller gains « and -, there always exists 3 > 0, such
that the controller (7) stabilizes the power system.

Proof: The characteristic polynomial of A is given by:

SIn +aﬁ£kc Onxn _aﬂ‘ckc'i_’y—[n
0= Onxn sly, -1,
—aM MLy sl,+ M(D+al,)
sI, + aBLiLC  Opxn v+ 8)I,
= Onxn sy, —In
—aM MLy sl,+ MD)
1 sl,+aBLiLC  Onxn (vs + 821,
= Onxn sl Onxn
5 —aM Opxn 82T, +sMD+MLy)
SI’VL+aBLkC Onxn (75 + SQ)IH
= Onxn [n 071,><n
—aM—sl,—aBLpC Onxn sMD—syI,+ML})
sl + apLyC (vs + 821,
o —aM $2I, +sMD + MLy,

= det(—aM) det [In('ys + 5%)
+(sI, + aﬁﬁkC)éM_l(SQIn +sMD + Mﬁk)}
= det <ﬂ£kC£k + s(yI, + éﬁk + (LLCD)

1 1
§2(I, + =D + BLCOM ™) + s3M1) 2 det Q,
« (0%

where we have used standard properties of determinants [12].
A necessary condition for the above equation to have a
solution is that 3z : z*Q(s)xr = 0. We may without loss
of generality assume z*z = 1. Hence we consider

0=a2"Qr =" (BLLCLL)x
——_— ———
éao

1
+ sz <’y[n + aﬁk + ﬂﬁkC’D> T

AN
=a1

1 1
+s2z* (In + —D + B[,kC’Ml) z+s3z* (Ml) .
e o

AN PAY
=as =as

(16)
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We distinguish between two cases. x*L CLyx = 0,
and z*L,CLrx # 0. First consider the case when
2*LrxCM Lz = 0. Equation (16) may now be written

say + sas + sPas = s(ay + sas + 52(13) =0.

The above equation has one solution s = 0, and two solutions
s € C if and only if a; > 0, ¢« = 1,2,3 by the Routh-
Hurwitz stability criterion. We now proceed with the case
when x* L, C Lz # 0. Since 2*L,C Lz > 0, we must have
that * L, CLrx > 0. The Routh-Hurwitz stability criterion
isa; > 0fort=0,1,2,3, and agas < aias. Clearly ag > 0
and ag > 0. Consider:

1
a1 =v+ 2" —Lyx + 2*BLCDx.
o

Clearly z*1fyz > 0, and since z*BL,CDz =
382*(LrCD + DCLy)x, we conclude that a; > 0 if

1
B A\min (2(LkCD + DCLk)> +~v>0.

By similar arguments it can be shown that as > 0 if
1 D
B Amin <2(LkOM1 + MlCLk)) +1+=>0.
@

Finally the condition agas < ajas can be guaranteed by
bounding the left hand side from above, and the right hand
side from below. The following bounds are easily verified:

agp S ﬁ)\max (Lk Oﬁk)

m
a3 < —
«Q
1
a1 > BAmin <2(LkCD + DCLk)> +

1 D
as > BAmin <2(LkCM_1 + M_ICLk)> + 1+ i

By substituting a;, © = 0,1,2,3 with the above bounds we
obtain (13). [ |

V. CENTRALIZED CONTROL
A. Proposed control protocol

To compare performance with the distributed controller
proposed in section IV-A, we propose the following decen-
tralized dynamic controller:

U; = (:)Z‘ — W
( ) an

(j)i = B (u* — Oé((f)i — UJ@)) + ,y(wref — wi)7

where o, 3,7 € RT, and u* is given by solving the following
centralized optimization program

1
[u*,0%] = argminz 501%2
wl ey

st Ly —u=P™ —wD1,,.

Note that solving the above optimization program requires
global knowledge about the power load P™, the power gener-
ation costs C, as well as an exact model of the power system.
We will show that the controller (17) satisfies conditions 1
and 2.

B. Sufficient stability criteria based on eigenvalues

In this section we study the stability of (3) with the control
given by (17). We first give sufficient conditions for the
stability of the proposed control protocol based on linear
system theory.

Theorem 3: The power system (3) with control input
(17) satisfies Conditions 1 and 2 for any initial condition
(6(0),w(0)) if the matrix

7aﬂ-[n On><n (O‘ﬂ - P)/)In
A = Onxn 0n><n In )
aM —ML, —M(D+aly,)

has exactly one eigenvalue equal to 0 and all other eigenval-
ues in the left half complex plane.
Proof: The proof is analogous with the proof of Theorem
1 and is omitted. n
While Theorem 3 provides a straightforward condition
weather a given set of parameters result in a stable system, it
does not give any implication on how to stabilize an unstable
system. The following theorem gives a sufficient conditions
for when A has all eigenvalues except one in the open left
half complex plane, analogue to the conditions in theorem 2.
Theorem 4: A has exactly one zero eigenvalue, and all
other eigenvalues in the left half complex plane if the
following condition is satisfied

BmAmax (Lk) < (v + BD)(aD + afm).

where m = min; m;, m = min; m; and D = min; D;,.
Remark 2: Given the power system parameters and the
controller gains « and -y, there always exists 3 > 0, such
that the controller (17) stabilizes the power system.
Proof: The characteristic polynomial of A is given by:

(_aﬁ - S)In 0n><n (O[ﬁ - P)/)In
0= 0n><n _SIn In
aM —-ML, —MD-—aM —sl,
(—Oéﬁ - S)In Onxn (_’Y - S)In
- 01’L><n _Sln In
alM -ML;, —-MD —sl,
1 (—aB —35)I, Opxn (—vs —s)I,
= 5 On><n _SIn On><n
5 oM —ML, —sMD — s%I, — MLy,
(—aB —3)I, Opxn (—vs — s,
= Onxn _In Onxn
aM Opxn —SMD —s2I, — MLy,
_|(—aB=s)I, (—ys —s*)I,
- oM —sMD — s°I, — ML,

= avdet M det ((aﬁ +8)(MLpsMD + s°1,,)
(s + 1)) (18)

Clearly the above characteristic equation has a solution only
if
x* ((045 + 8)(MLysMD + s*I,,) + (ys + szln)> z=0.
19)
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has a solution. Hence if (19) has all its solutions in C~ for all
|lz|| = 1, then (18) has all its solutions in C~. This condition
thus becomes that the equation

1
2*BLLx +sz* ('_YIn + =Ly + 5D> x
~—— @

has all its solutions in C~. We distinguish between the two
cases: *Lrx = 0 and 2*Lyx # 0. Starting with the former
case, equation (16) may be written as

say + s%ay + s%a3 = s(ay + say + s%az) =0

If a; > 0 for ¢ = 1, 2, 3, the above equation has one solution
s = 0, and two solutions s € C~ if and only if a; > 0,
i =1,2,3 by the Routh-Hurwitz stability criterion. We now
proceed with the case when z*Lix # 0. Since x*Liz > 0,
we conclude that *Lix > 0. The Routh-Hurwitz stability
criterion is a; > 0 fori =0, 1,2, 3, and agas < ajas. Clearly
a; >0 for ¢+ = 0,1, 2,3, and the latter condition becomes

1
x*ﬁﬁkxax*M_lx
1 i} 1
<z <’an + —Lp + BD) Tx (In + ) x.
e o

A sufficient condition for the above equation to hold is
obtained by upper bounding the left hand side and lower
bounding the right hand side, which yields

BAmax (Lr) < (v + D) (aD + afm).

VI. SIMULATIONS

The centralized and distributed frequency control algo-
rithms were tested on the IEEE 30 bus test system [13]. The
line admittances were extracted from [13] and the voltages
were assumed to be 132 kV for all buses. The values of M
and D were assumed to be given by m; = 10° kgm? and
d; =1 571 Vi € V. The dynamics of the power system were
modeled by the nonlinear swing equation (1). The power
system is initially in an operational equilibrium, until the
power load is increased by a step of 20 kW in the buses 2,3
and 7. This will immediately result in decreased frequencies
at the load buses. The frequency controllers at the buses will
then control the frequencies towards the desired frequency
of w™ = 50 Hz. When simulating the centralized controller
the parameters were set to « = 5-10% 8 = 510711,
v = 0.02, while when simulating the distributed control
architecture the parameters were o = 5 - 104, B =5-1079,
~v = 0.2. The choice of parameters was verified to stabilize
the power system using Theorems 2 and 4, respectively. Note
that the difference in parameters between the two controller
architectures is due to the line susceptances k;; are being
integrated in the distributed controller (7), as opposed to in
the centralized controller (17).

50

N
=, 49.95 |
El
49.9 |-
| | | | |
-10 =5 0 5 10 15 20
t [s]
T
10} .
Z
= 9
=l
0 !
-10 =5
t [s]
Figure 1. The upper figure shows the transient bus frequencies over 10 s,

while the lower figure shows the control inputs, when using the distributed
controller.

50
=)
T 49.95 |- ‘ .
3
49.9 | |
| | | |
—50 0 50 100 150 200
t [s]
15[ T w =
Z 1) |
=l 51 ‘@é h
0 Y ’
=50 0 50 100 150 200
t [s]

Figure 2. The upper figure shows the bus frequencies over 200 s, while the
lower figure shows the control inputs, when using the distributed controller.

E
= 1 [
g
=
O | |
—50 0 50 100 150 200

t [s]

Figure 3. The figure shows the costs of the power generation of the buses,
when using the distributed controller.
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Figure 4. The upper figure shows the bus frequencies over 100 s, while the
lower figure shows the control inputs, when using the centralized controller.
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| |
100 150

t [s]

200

Figure 5. The figure shows the costs of the power generation of the buses,
when using the centralized controller.

As seen in Figure 2, the distributed controller quickly regu-
lates the bus frequencies towards a common frequency, which
is subsequently regulated towards the reference frequency.
The generation costs, as seen in figure 3 are also slowly reg-
ulated towards the optimal costs. The centralized controller
on the other hand regulates the both the bus frequencies
and the generation costs towards their optimal values several
times faster than the corresponding distributed controller,
compare figure 3 and 5. The centralized controller is able
to stabilize the system faster since the optimal generation
profile is known a priori, whereas it is unknown a priori for
the distributed controller.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have considered a distributed controller
with PI structure for electrical power systems. We have shown
that the proposed controller regulates the bus frequencies of

the power system towards a common reference frequency
(e.g., 50 HZ), while the power generation profile at the
equilibrium minimizes a quadratic cost function. We have
provided sufficient conditions for the control parameters,
under which the controller stabilizes the system. Further-
more we have derived non-tight sufficient stability conditions

which prove to be more easily verified. For performance
comparison, we have also considered a centralized controller
fulfilling the same control objectives as the distributed con-
troller. Sufficient, as well as non-tight sufficient stability
criteria were derived for this controller.

Simulations on the IEEE 30 bus test power network show
that both controllers have acceptable performance. However,
the centralized controller is considerably faster than the
distributed controller. The centralized controller however re-
quires global knowledge about the power system parameters,
as well the load and generation profile of the whole power
system. Whenever this information is not globally available,
distributed control is the only viable option. Future work will
address optimizing the transient response of the distributed
controller and exploring tighter stability criteria.
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