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Abstract—In this paper, the problem of operating microgrids
with only inverter-based energy resources is considered, and an
integrated design of grid-forming inverter control is proposed.
The proposed design has three components. The first is a
nominal control designed to track the reference signals of voltage
magnitude and frequency. The second as the primary control
includes the nominal control as the seed and is a Lyapunov-based
state-constrained control designed to ensure that the frequency,
voltage, and power injections dynamically satisfy the operational
constraints while incorporating intermittent renewables. The
third is a subgradient-based cooperative control ensuring that
the inverters cooperatively and collectively meet the loads. Sta-
bility and convergence are analyzed to ensure robust microgrid
operation in terms of various operational constraints.

Index Terms—Cooperative control, frequency regulation, grid-
forming inverter, input-state constrained control, microgrid,
power sharing, subgradient, voltage regulation.

I. INTRODUCTION

ODERN electric power systems are experiencing a

dramatic transformation from a utility-centric architec-
ture to a more distributed structure that heavily integrates
renewable generation, including both utility-scale wind or
solar farms and distributed energy resources, most of which
will be interfaced with the grid by inverters [1]. Hence the
control of these inverters has become an important problem to
achieve high efficiency, reliability, and resilience of the future
power grid. Moreover, it is predictable that the renewable
energy will gradually replace the power generated from large-
capacity synchronous machines. How to maintain the voltage
and frequency of an inverter dominated grid? That is the task
of the grid forming (GFM) inverters [2]-[4].

The control of grid inverters has been studied for years
and many literature has been reported to have good perfor-
mance. For example, the distributed control that utilizes a
sparse communication network has been proposed for AC
microgrids [5]-[8], in which each DG only has access to
the information of a small number of its neighboring DGs,
reducing the computational complexity and improving the
resiliency to faults and unknown parameters [9]. However,
these approaches have not provided a clear analysis of the
coupling between active/reactive power injections and the
voltage magnitude/frequency or a distributed updating law
with a solid theoretical foundation. In addition, in the existing
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approaches, tracking the references from the secondary control
may violate operational constraints.

In order to address these problems, in this paper we develop
a layered control design with a nonlinear nominal control,
a state/input constrained control, and a subgradient-based
secondary control for grid-forming inverters to dynamically
meet all operational constraints and achieve frequency/voltage
regulation and power sharing.

The remainder of this paper is organized as follows. In
Section II-A we introduce the dynamic model for GFM
inverters and formulate the control design problem. In Section
IIT we present the nominal control, the state/input-constrained
control, and the subgradient-based cooperative control. Finally
the conclusions are drawn in Section V.

II. PROBLEM FORMULATION

In this section, the microgrid model is introduced, and the
state-constrained control problem is formulated.

A. Dynamic Model
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Fig. 1. GFM inverter with RLC filter.
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Consider a microgrid that consists of N3 buses and N, GFM
inverters. Each of the GFM inverters has its circuit schematic
shown in Fig. 1. It is shown in Appendix A that, under
standard assumptions, dynamics of the ith GFM inverter ¢ can
be described by the following nonlinear state-space model:

Ty = Apxy + Bruy + Dy, (D

T,
where @ = [z, Zj,, % Ok] is the state vector
. ' T T
with 2y = [Vodk  Voqk] » Zpgk = |[Brx Qk
. T T . .
Zik = [ld,k Zq,k} ;U = [uq,,k uw,k] is the input
vector with uyx = [vakr Vqk] and u,k = (wp — wo);

Y = [Pr Qr wk Vk]T

, and

is the output vector, 2, =



T . _
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and submatrices are defined, in Appendix A, from (31) to (32)
and from (35) and (36).

In the state vector, voq,; and voq,x are the terminal voltages
above the capacitor in the RLC filter in the dqg-frame, P}, and
Q. are the output active and reactive powers, iq  and iq ) are
the d- and g-axis components of the total current, and dy is
the phase angle. In the control vector, vq,; and v, are the d-
and g-axis voltages, and wy, is the frequency, while wy is the
nominal frequency. In addition to Py, Q; and wy, the output

vector also includes Vi, =y /v2y; + v, ;. the output voltage
magnitude. In the measurement Vector, o4, and iqq,% are the
output currents injected into the network, vpq,, and vy, are
the voltages at the boundary bus. It is straightforward to verify
using feedback linearization [10] that, for Py, Q, and Vj, their
relative degrees are all equal to 2 and that frequency wy has
zero relative degree.

The microgrid network is modeled by standard load flow
equations. Specifically, let the buses as those in the middle
of the LCL filter of each source, and all the other buses are
eliminated by Kron reduction. The corresponding admittance
matrix for the remaining buses is denoted by Y. Assuming
the loads are constant impedances, the real and reactive power
injections at bus k = 1,..., N, can be written as

Ny
Pk = Vk Z ij (ij COS(&]@J') + Bkj Sin(akj)) (2)
j=1

Ny
Qk = Vk Z Vj(ij Sin((skj) — Bkj COS((Skj>), (3)
j=1

where 0y; = 6r — 0, and Gy; and By, are the real and
imaginary parts of the element in Y.

B. Constraints and Control Objectives

The operational constraints on the input and output are
summarized below: for k = 1,--- , N, and for all time (except
for the initial period of grid forming),

va ke < 1, |ugw| < € 4
P(t) < P, < Pi(t) &)
— Q1) < Q1 < Qu(t) (6)
Wi, € [wo — Ay, wo + AL (7)
Vi €[l-Ay, 14+ Ay], (8)

where ¢, > 0 is a design parameter, A,, Ay > 0 is the
maximum tolerance of frequency/voltage derivations (e.g. the

typical value for voltage deviation is 5%), Sy is the apparent

power capacity of inverter i, Q. (t) = /S — ?i (t), Pr(t)
is the upper limit of the real power injection. In other words,
Pj(t) represents the instantaneous capacity limit on its DC-
side source, and it may be time varying as PV and other
distributed generation are piece-wise constant (or intermittent).
Typically, P, (t) = 0 for DGs, but it may assume negative
values for storage devices.

The objectives of the proposed control design are fourfold:

1) Establish and maintain voltage magnitude V; dynami-
cally to satisfy constraint (8) and to adaptively search
for its steady state value V;® € [1 — Ay, 1+ Ay] for
load sharing;

2) Regulate system frequency according to constraint (7)
and ensure that its steady-state frequency become the
nominal frequency, that is, w;® = wo;

3) Achieve active power sharing among the GFM inverters
through the asymptotic consensus of Ap, ;

4) Achieve reactive power sharing among the GFM invert-
ers through the asymptotic consensus of g, ;

where

A P
)\Pk = ﬁ?

1>

Aq. = & 9)

In order to meet the aforementioned objectives, the follow-
ing assumptions are needed.

Assumption 1: The total load being continuously serviced is
no larger than the total power capacity of all the inverter-based
distributed energy resources in the network.

Assumption 2: The microgrid has a sparse but connected
communication topology for all the GFM inverters, where the
neighboring set of inverter k is denoted by Nj.

Assumption 1 can be achieved by a standard load man-
agement regime. Assumption 2 can be enabled using any
of the existing local communication network technologies.
Both assumptions are common sense and also necessary to
achieve the desired control objectives. And, the proposed
method enables adaptive and robust operation of microgrid
through cooperative and dynamically-constrained controls of
GFM inverters.

III. CONTROL DESIGN

The proposed control has three components: 1) A nonlinear
nominal control design to track the reference signals of voltage
magnitude and frequency; 2) An input-state constrained con-
trol design to modify the nominal control in order to ensure
that the constraints on the input and the state are satisfied
dynamically; and 3) A subgradient-based cooperative control
to adaptively search for the reference signals in optimizing
performance indices that correspond to voltage stability, fre-
quency synchronization and load sharing. This layered control
design ensures the control objectives are met dynamically.

A. Nominal Control Design

The secondary-level cooperative control, to be synthesized
in section III-C, provides a frequency reference signal wj,(¢)
and a voltage magnitude reference V! (t). These two reference



signals are used to generate the time-domain output voltage
reference signal v) . (t) as

vl (1) = V2V () sin (wot + 83.(2)),

where 0;.(t) = fot [w}.(T) —woldT is the phase angle reference,
and wqg is the nominal frequency. In turn, the three-phase
voltage reference is given by

Vak ViEsin (wot + 65 (1))
Vpx| = | Vi sin (wot 4 05 (1) — 2F)
Vse,k Vi sin (wot + 6% (t) + 2F)

Denoting 6, = wot + 6}(t), we have the corresponding dg-
frame output voltage reference 25 , = (V04 Voqi] -

I
- 2 [sinf) sin (6 — 2F) sin (6, + ) z?ak
vk ™ 3 |cos cos (0 — ZF) cos (O + ZF) Ut;b,k

oc,k

The nominal control at the primary level, denoted by w;, ;.
(while wj, , will be chosen at the secondary level and uj =

T . .
[(up )" ul,,]  with uf, ), = W' — wp), aims to make dq-
frame output voltage vector z, j to track is reference vector
2y .- The result is summarized as lemma 1, and the proof is
included in Appendix C.

Lemma 1. Given any uniformly bounded reference signals
wy, and V[, the dg-frame output voltage vector z,j =

[Uod,k qu,k] ’
control

tracks its reference z; , under the nominal
;

1
Uy, =By 1 [=As1 k20,6 — Asz kzik — Vik(Zik — 2 k)
+ 24, (10)

where vy i, Vi,k > 0 are control gains,

r

Zip = A=Ak zuk = Dik — Yok 2ok — 25 4) + 254,

1D
and Z; =~ can be analytically derived using (1) and (11).
And, all the variables in the state and control are uniformly

bounded.

B. State/Input-Constrained Control Design

If the reference signals to be synthesized in section III-C
meet the steady-state requirements (of frequency and volt-
age convergence), the nominal control wuj can make the
inverter output voltage and frequency track their corresponding
references but it may not satisfy the real-time operational
constraints specified in (4) up (8). By applying the novel
input/output constrained control design [11], [12], we obtain
the following control in order to ensure real-time dynamic
constraints at the inverter level. Its proof is included in
Appendix C.

Theorem 1. Constraints (4) up (8) are met for all the time
(after the initial grid forming period) if control uy, is chosen
through the following real-time quadratic optimization under
linear constraints: for wj, = [uka (wr — wo)] T,

arg min ||uy — urk||2,
U

subject to the following elementwise inequalities written in the
matrix form:

1 0 0lug—1<0, 1 0 0lug+1>0,
01 0lup—e<0, [0 1 0|ugte >0,
00 1ur—A,<0, [0 0 1up+A, >0,
Gruyr +E <0, Gruy + My >0,

where u;, ;. is defined by (10), uj, = [(uf )" (wh — wo)]—r,

Zpg,k = [ﬁk @k]—r

1s,

=T
» Zpq,k = [Bk —Qk} , 1 is a vector of

P Aot k20, + A22 k2pq,k + Dok
k — A )
vl,k2v,k

o Agszi i + Aog A3t k2o k Gy = Aoz 1 Ass k
n= | -
Agszik + Aoz kAsi k2o k]|’ ApokAsz k]|’

E, = Fk +F;€ + |:(/31+/32)Z'pq,k+51[32(zpq~k_qu,k+51):| 7

(B3+B4) Vie+B3B4(Vie—1— Ay +e)

M, = Fk + F; + (,31+52)2pq:k+5132(qu,kfépq,kfﬁl) :

’ (B3+B4)Vis+B3Ba (Vi +1+Ay —¢)
submatrices are defined in (31) up to (32) as well as (35) up
to (37), and B1,P2,83,84 > 0 and 0 < € << 1 are design
parameters with By # 1 and B4 # Ps.

C. Subgradient-Based Cooperative Control Design

In this section, subgradient-based cooperative controls are
designed to adaptively adjust voltage and frequency reference
signals V}} and wj, and to search for their optimal values. To
this end, we introduce the following objective functions for
the kth inverter:

1
LiV)= 22 =17 +5 D e =A% (12
JEN],
/ _ MK 2 1 2
Liw) =5 (@ —wo)* +5 > (Ap —Ap)%  (13)
JENK

where N, is the kth inverter’s neighboring set of sensing and
communication, [N is the cardinal number of set N,

Vi = |Nk&{k}| Zje./\/ku{k} Vi

is the average voltage magnitude seen by the kth inverter,
fr; > 0 are positive weights, and v, > 1 is a design
parameter. Typically, N} = N = Nj; and the only cases that
N/ is chosen to be a subset of A} are when the microgid
is inherently unbalanced in generation and loads. In those
cases, strict load sharing would not be a good choice because
the microgrid may experience over-voltage and under-voltage
simultaneously as a result of imbalances while microgrid’s
average voltage approaches 1. For those cases, N should
include the nodes in N}, whose voltages have same property
as Vi (in terms of either being no less than 1 or no greater
than 1). As such, coordination of the microgrid is achieved
among several sub-micrgrids.
Choices of V;| and wj, are made to minimize Lj and L;C,
respectively; that is,
min Ly (V), min L} (w).
% wi,

Vk k

(14)



It is apparent that 1} is to ensure both a desired voltage profile
(with their average at unity) and reactive power load sharing
and that wj, aims to achieve both active power load sharing
and frequency synchronization.

It follows that the subgradients of L; and Lj, have the
following expressions:

Tk a
Vv, Lk (Vi) AT Ve =1
+ Z )\Qk /\QJ VVk()‘Qk /\Qj) (15)
JENg
Voo L (W) =px(wy, — wo)
+ > (Ap = Ap)Vu, (A, — Ap),  (16)
JENK
where
VVk ()‘Qk - )\Qj) = Qk‘_/}%kBkk - ‘2%] 17)
Vur = Apy) = —h (LB . Q) )

where Vy, /., is the gradient function with respect to V4 /wi

. . A
respectively, h > 0 is a small constant, and Q;; =

ViV (G sin(65) — By cos(d) ). Derivations of the last two
expressions are carried out in Appendix B.

The proposed design of reference signals is presented in
theorem 2, and it is based on lemmas 2 and 3. Lemma 2
provides sign definiteness for the partial derivatives in (17) and
(18). Lemma 3 demonstrates that, as long as reactive power
loads are reasonably shared, Ly (V') is locally convex with
respect to Vj, and that L} (w) is locally convex with respect to
wp- And, theorem 2 shows convergence to the optimal solution.
Their proofs are included in Appendix C.

Lemma 2. In the context of power system operation, the
partial derivatives in (17) and (18) always assume positive
values, that is, for all time,

VVk ()\Qk - >\Qj) >0, vwk (>‘Pk

Lemma 3. L; (V) is locally convex with respect to Vj, if

—)\pj) > 0.

— V2 Bk

|)\Qk - )\Qj| < 2Q, (19)
and L) (w) is locally convex with respect to wy, if
—V2B \?
(52
|)\pk —)\pj| < ‘szckk,i Nk (20)
E A

Theorem 2. Consider the following distributed updating laws
for determining the reference signals according to (14):

Vi = —py, Vv, Li(V)
— Hwy, Vwk L;c (w)v

where [y, , b, > 0 are design parameters, and the sub-
gradients are given by (15) and (16). Then, V; and wj, are
convergent to their optimal values that achieve active/reactive
power load sharing, frequency synchronization, and the aver-
age voltage close to being 1 p.u.

In (19), [Ag, — Ag,;| < 2 always holds, and it is worth
recalling from [13] that (—V;?By/Qy) > 3 (i.e., the power

2y
(22)
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Fig. 2. A three-inveter microgrid

injection should be always designed to be less than 1/3 of
the short-circuit capacity in order to ensure system voltage
performance). That is, inequality (19) holds for all the cases
that reactive power load sharing is not far off. Analogously,
inequality (20) also holds for most of the cases because of
the following observations: [Ap, — Ap,| < 15 Grr < B
Py is close to the power flow on line k& — j; VkQGkk should
be comparatively small with respect to power injection; and
both Py;/P; and V;2Gyr/Q) should be well bounded within
a relatively small range.

IV. SIMULATION AND EXPERIMENTAL RESULTS
To test the control performance, a three-inverter microgrid
was built (shown in figure 2) with the parameters provided in
table I. Without loss of generosity of AC grid, both R and RL
-type loads are used in the grid forming scenario.

DG parameters

wn 3141593 | Ry 01Q
Vi V2%¥220V | Ly, 135 mH
Vie 1000 V Rer 0030
Cle N/A Ler 035mH
Sk 9600 VA o 50 uF
Py 8000 W

Grid paratmeters are shown in figure 2

TABLE I. Parameters of the test system
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Fig. 3. Three phase voltages of DG1: the droop design and the
state-constrained control.

The three phase voltages of DG1 are shown in the figure 3.
The first subfigure is the results of the droop design which is



a traditional converter control with three parts: power, voltage
and current controllers (the structure and parameters seen at
[14]). The second figure is the results from the proposed state-
constrained control with «; ;, = 10e6 and v, = 80. As the
results show that the GFM inverters with droop design have
an obvious disturbed process at the system start period, which
can also be seen in the figures of frequency, real power and
reactive power. The proposed design has a smooth process of
system forming, and the voltage reaches its nominal value
within about 2 circles, which is better than the traditional
droop design.

As seen in figures 4, both controls can achieve the consensus
of real power. But the frequency of the droop design is
deviating from the nominal value while that of our design
is not, seen in figure 5.

g 6000 [ B
2 4000 - j
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Fig. 4. Real power of three DGs: the droop design and the
state-constrained design.
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Fig. 5. wy, of three DGs: the droop design and the state-constrained
design.

The reactive power of both cases are shown in figure 6. In
traditional design, the reactive power output of each DG is
following its Q-V droop curve. While in the proposed design,
the consensus of utilization ratio of all neighboring DGs’
reactive power has been reached using the subgradient control
in our design. As a result, the reactive power transmitted in
the network is reduced.

3

> 500 i

= I

g V

3

o 0{ 1

g ) Droop design

S o0l

3 -500 - h

@ \ \ \ \ \ \ \ \
0 2 4 6 8 10 12 14 16

< T T T T T T T T

> 5000 1

g

S

a O 7

_g SC design

g

3 -500 1

['4 L L L L L L L L
0 2 4 6 8 10 12 14 16

Time (s)

Fig. 6. Reactive power of three DGs: the droop design and the
state-constrained design.

V. CONCLUSION

This paper proposes a layered control design for AC mi-
crogrids with grid-forming inverters that includes a nonlinear
nominal control design to track the reference signals of voltage
magnitude and frequency, an input-state constrained control
design to modify the nominal control and dynamically meet
the constraints on inputs and states, and a subgradient-based
cooperative secondary control. The proposed control integrates
the following three distinctive objectives: 1) achieve voltage
regulation and dynamically maintain the terminal voltage
within its operational range; 2) synchronize the inverters to
maintain microgrid frequency within its operational range; and
3) power sharing among all available resources while hetero-
geneous inverters satisfy their design and capacity constraints.
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APPENDIX A: INVERTER DYNAMICS

The GFM inverter and its output RLC filter and RL output
connector are shown in Fig. 1. Under the standard assumptions
that the inverter switching is fast, vq,, and vqj of the kth
inverter track the reference signals vy, and vy, almost
instantaneously and hence vqj and vy, are considered as
equivalent control inputs. Therefore, the kth GFM inverter and
its output RLC filter dynamics for the kth DG are [14]:

. 1 . 1 .

Vod,k = WkVoq,k T & ld,k — & lod,k (23)
. 1 . 1 .

Voq,k = —WkVod,k + & la,k — o loq,k (24)
B _ _Rf,k. . . 1 _ 1

Gk =~k +Whigh o Vak — o Vodk (25)
© Ry , 1 1

ta.k = Ty tak T Wkldk + Lz Yok = T, Yoaks (26)

where vq 1, vq,1 are the equivalent dynamic control inputs to
the inverter, voq,, and voq,x (to be controlled) are the terminal
voltages above the capacitor in the RLC filter in dq-frame,
Ubd,k» Ubq,k are the measured voltages of the boundary bus,
and i,q,, and i,q % are the output currents injected into the
distribution network. Currents 4,4, and %4, can be measured,
and their rates of change can be calculated using the following
equations:

: . Rek : 1 1
lodk = .y fod,k T Whioqk T 7 Vodk = 7,5 Ubd.k (27)
: _ Reg . . 1 1
loq,k = — Lci,k loq,k — Wklod,k + Tc,k Voq,k — Tc,k Ubq,k- (28)

Defining the substate vectors and control vector

Vod, k Td,k Ud, k
Z’U,k‘ = y Rk = |- y  Upk =
Voq,k lq,k Vq,k
as well as measurement vectors
. . T T
Ziok = [fod,k  foqk] s Zvbk = [Ubdk Ubqk]

we can rewrite equations (23) up to (26) as

Zok = A1 K20k + A1z k2% + D1k, (29)
Zik = Ast k2o + Ass k2 k + B3 sy i, (30
where
1
0 w - 0
An1,k(wk)= “l, Asii= ok 1| 31
—Wg - Ly
R
1 0 — Lf’k W
Az =T |, Asgr(wi)= ok Byw |
0 or —wg — Lf;k
and
B3 r=—Az31k D1 k(zio,k)=—A13kZi0,k- (32)

The output active and reactive powers of the inverter ¢ are
defined as

Pp; = vod klod,k T Voq,kloq,k>

Qr = Voq,klod,k — Vod,kloq,k-

The inverter output voltage magnitude, the inverter output
current magnitude, and the transistor current magnitude are:
Ie = |2kl

Vi = lzukll, Lok = llzio.kll;

It follows from equations (23), (24), (27) and (28) that their
time derivatives of Py, (. and Vj are

Zpak = A1 k2uk + A2 kZpqk + A2z 2k + Doy (33)
Vie = Avt k20, + Av2, k% ks (34)
T
where zpq r = [P;C Qk] s
—Ubd,k  —Ubq,k
Aotk (2vb, k) =72 - ' L (35)
e Ubgq,k —Ubd, k
Rek 0 . .
“I.g fod,k  foq,k
Ao p= ok Rey | Azs,k(zio,k):%k ° R
0 7m —toq,k  tod,k
1 2_ 12
D2 i (Vig,Io,1)= Lok 'k Criok s (36)
0
and
Avl,k(zio,k):*ﬁzl,ky sz,k(zu,k):ﬁzlk 37)

In summary, the dynamic model of the kth inverter can be
represented either by equations (23) up to (28) or equivalently
the collection of equations (29), (33), and (30). The latter set of
equations, together with the phase angle equation 6 = wy —
wop, has the matrix representation (1). Equation (34) is only
used to dynamically ensure the operational range of voltage.



APPENDIX B: DERIVATION OF SUBGRADIENTS
It follows from (3) and (9) that

OAg, 0Qu
Vvdar =55 Gk

- > VilGuysin(dy;) — By cos(dk)]
k jent
2V, Bk,
Qy,
Qi — V2B (38)
ViQp

and, Vj € N/,

Mo, 0Q; _ Qjk
0Q; 0V Vk@j’

ViAo, = (39)

where

Qjk 2 ViV;[Ghjsin(6;x) — Bij cos(6;)].  (40)

On the other hand, it follows from Leibniz’s rule for
differentiation under the integral sign that, for any h > 0,
00y, 0 ¢
_— = — — dr = h.
8wk &uk t,h[wk(T) wo] T

It follows from the above equation, equation (2), and equation
(9) that

O\p, OPy
w A - R
VerrPe = 5B G,
1 .
= ﬁ—th Z V;[Brj cos(0x;) — G sin(d;)]
k JEN
__ h(@x+ViBi) @1
Py, ’
and, Vj S Nk,
1 0P; 86, hQix
Ve Ap, = =— —2 & = 297, 42
K Pj 6k: 8wk Pj ( )

APPENDIX C: PROOFS

Proof of lemma 1: Define tracking errors

— r i r
Cvk = Ruk — Ry ks Cik = Rik — 2 k-

It follows from (1), (10) and (11) that

Cuk = —Vou,kCok T A13 kCi ks  €ik = —VikCik>

from which tracking convergence can be concluded. Given that
reference vector z, . is bounded, uniform boundedness of z,
and z; j, is obviously from the above equations, and hence F,
Q. as well as all other signals are uniformly bounded.
Proof of theorem 1: Consider the following scalar differential
equations:

&= f&)+01(6)E, &= f2(61,8) + ga(&r, E2)u,

where g;(-) are invertible. The control objective is to ensure
&1(t) € [c, ¢] for some constants ¢, €. Defining & = &£ —¢+-¢,

we know that, for some time function n(t) < 0, differential
equation/inequality
&1+ (B + B2)Er + BB = n(t) <0

holds if control is chosen according to the following inequal-
ity: for any constant gains 31, 82 > 0 with 8y # (s,

u < gytgrt = fi — 1€ — gifo — (B + B2)ér — B1Bi].
(44)

(43)

Solving the differential equation in (43) yields

51 (t) :Blﬁgfz-gﬁ(to)e—ﬁl(t—to) + Bzﬁgsz-gf(to)e—ﬁg(t—to)

t
+ fto h(t — T)n(r)dr
< 515@0)4—5@0) e~ Pi(t—to) + 525(t0)+£(t0) e~ B2(t—to)
1—B2 B2—PB1 )
where L is the operator of Laplace transform, and h(t) =
L7H(s2+ (B + B2)s + Blﬂg)f}} > 0. The above inequality
means that, if & (t) < ¢ and £(tg) < 0, & (t) < € for all
t > to and that, if otherwise, &1(t) < ¢ after a finite time
period. ~
By defining £ = &; —c—¢, we can similarly show &;(t) > ¢
after a finite time period if control is chosen according to the
following inequality: for any constant gain 8 > 0,

u> g5 g7 [~ fi — 1€ — g1 fa — (Br + B2)ér — B1BaEl].
(45)

The proof is completed by noting that variables voq,k, Voq,k>
Py, and Q) in dynamic equation (1) as well as V, in (34) are
all of relative degree two and by applying inequality (44) or
(45) and the argument above. O]
Proof of lemma 2: According to the definition in [15], we
have Byr < 0 in the Y bus matrix. Furthermore, the term
—V2Byr > 0 in (38) is the so-called short-circuit capacity
and, as shown in [13], it should be much larger than power
injection Q). Hence, we have Vv, (A\g,) > 0.

For electric power systems, Vy;(Ag,) < 0 for small values
of dx;. As a result, we have

VVk (/\Qk - )\Qj) = VVk ()\Qk) - VVk ()\Qj) > 0.

Using the same argument, we know that V,, (Ap,) > 0 and
Vi (Ap;) <0, and hence

Vi, (Ap, — /\Pj) = Vu,(Ap,) = Vo, ()\Pj) > 0.

Combining the above two results concludes the proof. [l
Proof of lemma 3: It is obvious that the first term in both
(12) and (13) is convex. Hence, the subsequent analysis will
be done on the second term in the summation.

First, it follows from (38) and (39) that

2 o ka(Qk) o Qk _ % — 723kk
ka/\Qk T VkQ, V2Q, Qp Qi ’ (46)
and
Vi, (Ag,) = 0. 47)

Using (46) and (47), we have
Vi (30 = A,)?)
2
= (ka (AQk - )\Qj))



+(>\Qk - )‘Qj)(V%/k >\Qk - v%/k )\Qj)

— Vi Bik Qjk 2

= ( %kkk + V?%k — ijaj) —2(Ag, — )\QJ)
As discussed previously in the proof of lemma 2, the ratio
—Vi Bk / Q). is positive. In typical operation of power system,
Vi is close to 1 p.u. and power injection (); should be
relatively small when it is less than zero (absorption). In other
words, Q. /(Q,. Vi) is a either positive or small negative value.
In addition, as analyzed in the proof of lemma 2, —Q); is
positive, since the term |V'V} By cos(dj;,)| is posmve and
dominant. Hence, we know from (48) that Ly (V) is convex
with respect to V because

1
v%/;‘ (2(>\Qk - )\Qj)Q)

2
(221)" - 20,
_ VB
= B (0 2000 - 2e)
> 0,

- (48)

Y

B
_)‘Qj)aik:

provided that inequality (19) holds. Hence, local convexity of
Ly, is established.
Second, it follows from (41) and (42) that

2 _ h 9Qu 85, _ hP(—Pu+VZGii)
Vi AP = Py 08, 0w, P,
and, for j € N,
V2 \p = h?ViVi 9(Guj sin(8jx)—Buj cos(§;5)) _ _ h*Pik
. P, 95, P,

where Pjj, 2 Vi,V (G cos(8;x) + By sin(6,4)). Using the
above expressions, we have

1
Vik (2()\Pk - )\Pj )2>

2
= (Vwk ()\Pk - )‘PJ))
+(Ap = Ap) (V2. (Ap) = V2, (AR))
2
_12 (=B Q Qjk
= (-G - )
2
_hQ()\Pk_)\PJ)(VkPEkk _% %j)
>h2 -V Bk _h2 A Y szGkk _ Py h
= (Ap, P;) 5. P, + 7,

(49)

under inequality (20). Inequality (49) is concluded because,
analogous to the previous discussion, the term (—Qj /ﬁk —
Qjx/P;) can be ignored. Inequality (49) shows local convex-
ity of Lj.

Combining the above two results concludes the proof. [J
Proof of theorem 2: While lemmas 2 shows that Ly and L)
are convex with respect to Vj, and wy, respectively, the first
step is to show that ), Ly(V) and ), L} (w) are locally
convex with respect to vectors V' and w, respectively.

To establish convexity property, we can linearize the
load flow equation at an unknown equilibruim point
{25, D0, V*}. It follows from (3) that, if A§ =0,

Ao = J 6V,

where A)q is the vector of Ao — Ap,, 6V =V —V*, and J¢
is the resulting Jacobian matrix. It follows from the definition
of Lj that convexity of L is shown if the following term is
convex:

L= Z > (o —Ag)?
k= IJGN’
2 \5SAq
= ANGSAQ + 2AX58M0, + (A5)TSAg,  (50)
where S is Laplacian matrix (hence, S1 = 0). The corre-
sponding Hessian matrix is
Z > (e —Ag)?
k=1 jeN (51
:JCTQSJQ,

which is positive semi-definite. That is, L is locally convex
with respect to V. A similar analysis can be done to show that
L’ is locally convex with respect to w. The convex property
together with lemma 2 implies that the following distributed
optimization algorithm is convergent:

Vi = =y, Vv, Li(V) (52)
wy = _/"kavka;C(w)7 (53)

Algorithm (21) and (22) is different from (52) and (53)
because V}, is not directly adjusted but has to be controlled by
the primary level control in section IIL.B. It is obvious that,
if the primary level control is sufficiently fast, then Algorithm
(21) and (22) is also convergent. While this speed requirement
may or may not be true in applications, control gains .y, and
I, can be designed to ensure convergence (or stability) in
general. This is because the overall system consists of two
subsystems: 1) the subsystem represented by (21) and (22)
is locally passive [10], [16]; 2) the subsystem represented by
(II-A) and its primary control is passivity-short and Lo stable
[16], [17]. As a result, the overall system can be made stable,
by using the results in [18], [19]. Details of the analysis are
omitted here for briefness. O
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