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Abstract— Microgrids are power distribution systems in
which generation is located close to loads. These small distribu-
tion networks represent a bottom-up approach for improving
the power security of critical loads that cannot tolerate disrup-
tions in main grid service. Voltage stability becomes a significant
issue in microgrids when the network interconnections are weak.
This paper derives sufficient conditions for voltage stability
of a weak microgrid with inverter connected sources. These
conditions take the form of inequality constraints on various
network parameters, loads and generation setpoints. These
conditions can therefore be easily incorporated into dispatch
optimization problems.

I. INTRODUCTION

Microgrids are small-scale power distribution systems
in which generation sources are located close to loads.
These power networks represent a bottom-up approach to
improve the security of power delivery that focuses on
enhancing generation capacity at the distribution level of a
national power grid. This approach encourages consumption
of locally generated power in a way that reduces peak
loads seen by distribution network operators (DSOs). This
method reduces the demand for extra transmission capacity
and provides a path for greater use of renewable energy
resources. Microgrids can also be operated independently
from the main grid (also known as islanded mode) thereby
making them invaluable for safety-critical loads that cannot
tolerate main grid power outages (e.g. hospitals), that may
be disconnected from the grid unexpectedly (e.g. military
bases), and areas in which a national main grid has yet
to penetrate (e.g. rural electrification). Microgrids therefore
represent an important power distribution technology whose
safe and efficient operation can significantly secure the
delivery of power to millions of users.

As small-scale distribution networks, the links in micro-
grids can be weak. The cables interconnecting the buses often
have higher ratios between their conductance and suscep-
tance, G/ B, than those found in transmission networks. A
consequence of this higher ratio is that dynamics governing
voltage and phase are more highly coupled, thereby making
it more difficult to guarantee voltage stability [18].

There has, of course, been a great deal of prior work study-
ing voltage stability in such weak networks [4][12][18][21].
Most of those efforts, however, have studied specific network
interconnect topologies with simplifying assumptions, such
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as parallel [4] or chain [21] structures. Previous research
efforts include both linearization and Lyapunov approaches.
In linearization methods, eigenvalue analysis only applies lo-
cally [2] [11] [20] [12] [16] [18] [21]. In contrast, Lyapunov
methods have been used to assess global stability properties
[3], but the conditions derived are usually hard to check. It
is therefore unclear how thus prior work leads to an analytic
set of constraints whose satisfaction assure stability over a
wide class of weak distribution networks.

The objective of this paper is to develop constraints whose
satisfaction assure voltage stability of CERTS (Consortium
for Electric Reliability Technology Solutions) microgrids.
CERTS microgrids [13] represent an important class of
microgrid that use fast inverters to connect a heterogenous
mixture of generation sources into the network. Earlier work
[11] has studied the stability of relatively strong CERTS mi-
crogrids, but to our best knowledge there has been little work
examining stability conditions for weak networks. Recent
work [7] has attempted to address that issue by viewing the
network as a set of coupled nonlinear oscillators. Building
upon that prior work, this paper derives a set of point-
wise inequality constraints whose satisfaction assures voltage
stability and frequency synchronization in islanded CERTS
microgrids. These stability conditions place constraints on
interconnection weakness, requested power generation, and
reactive loads. When combined with optimal dispatch prob-
lems, these constraints provide a systematic framework for
optimal distributed generation dispatch and demand side
management in this important class of microgrid.

The remainder of this paper is organized as follows.
Section II reviews the power system background and no-
tational conventions used throughout the paper. Section III
presents the weak network model. Section IV presents the
main results of the paper. Section V shows how this paper’s
stability constraints can be directly incorporated into an
optimal dispatch problem. Section VI consists of simulation
examples illustrating the conservativeness of our stability
condition. Section VII provides concluding remarks and
identifies future directions in realizing stable and optimal
power dispatch.

II. BACKGROUND AND NOTATIONS

This section presents basic definitions and notations that
are used throughout this paper. All system states are ex-
pressed with per unit (p.u.) normalization. This paper also
assumes balanced three-phase operations, so that per phase
circuit models are implemented. With per phase circuit



models, the analysis in this paper also applies to single-phase
power networks.

Consider a distribution network consisting of n buses and
let Y, «,, be a symmetric complex valued n X n matrix repre-
senting the network’s admittance matrix. The ijth component
of Y, «, may be expressed as

V. — { —Z%J if bus i and j are connect,
* 0 else,
n
Yi= ) Yy
j=1,5#i

where Z;; is the impedance between bus ¢ and j for all
1,7 €{1,2,...,n}. Y, x, may also be expressed as Y;,x,, =
Grnxn~+3Bnxn, where G, «,, is the conductance matrix and
B, «n is the susceptance matrix. For elements of the two
matrices {G;;} and {B,;}, where i,j € {1,2,...,n}: if
j =1, then G;; > 0 and B;; < 0; if j # 4, there are
Gij = Gji < 0 and Bij = Bji > 0.

The complex power injected into bus ¢ is denoted as S; =
P, +jQ; (i=1,2,...,n), where P; is real power and Q;
is reactive power. At bus i, S; satisfies

Si = 3Vil; =3V;(>_Yi; Vi), @)
j=1
which may be rewritten in matrix-vector form as S =
VI = 3\7(Ynxn17)*. 17, I € C are n-dimensional complex
vectors whose ith components are V;, the voltage at bus
1 relative to ground, and I;, the current entering bus 1,
respectively.
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Fig. 1.

Power Balance at Bus i

As demonstrated in Figure 1, positive P; and @Q; inject
power flows into bus i. Pyep,; and Qgen,; describe the real
and reactive power generated at bus i. Pioaqs and Qoqd,i
denote the collection of real and reactive powers absorbed by
all loads at bus ¢. Constant impedance load values are defined
at the nominal voltage, so that the loads are proportional
to the square of voltage magnitudes {E;}. Therefore the
injected real and reactive powers into bus ¢ are

Pi = Pgen,i - E?-Pload,ia (2)
Qi = Qgen,i - E?Qload,i- 3)

The dependence of P; and (); on neighboring buses is
captured by the power balance relations

Pi =3 Z EiEJ‘(Gij COS((Si - 5j> + Bij sin(éi — 6j))7 (4)

j=1

Qi =3 EiE;(Gyjsin(d; — 6;) — Bij cos(d; — 6;)), (5)
j=1

where F; and §; are the voltage magnitude and the phase
angle at bus 7. Given the real powers {P;} and voltage
magnitudes { F; }, one can use equations (4-5) to solve for the
corresponding reactive powers {Q;} and phase angles {J; }.
Real valued vectors (P, @, d, ) are time-variant signals of
system states. Existence and uniqueness of solution to this
power flow analysis rest upon the Lipschitz nature of these
power balance relations [9].

III. PROBLEM STATEMENT

This section presents the CERTS Microgrid system mod-
els. As shown in Figure 2, an islanded microgrid may be
viewed as the interconnection of four subsystems, including
the voltage control block, the frequency synchronization
block, and two power balance blocks. The controller blocks
use droop mechanisms that down-scale conventional grid
control concepts to low voltage power grids [8]. The par-
ticular controller designs are based on the CERTS droop
controllers [13].
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Fig. 2. Complete Model of the Network

The dynamics are generated by those local controllers tied
to each bus, with the power balance relations in equations
(4-5). The associated controller equations are therefore

0i = mp(P; — Pyen,i) + wo,

=mp(P — P — E?-Pload,i) + wo, (6)
EB; = KQ(E; — E;) — mqQgen.i

= Kq(E; — E;) —mq(Qi + E}Quoaq,i), (1)

for all ¢ € {1,2,...,n}. Equations (6-7) are the frequency
and voltage controls, respectively, for the ith bus. These
equations describe how the real and reactive powers injected
at bus ¢ are modulated based on the voltage magnitude E;
and phase angle §; on this bus.

In equations (6-7), P/ and E; denote the operator’s
commanded real power and voltage levels at the ith bus. The
parameters mp, Kq, and mg, are droop control parameters,
while wy is the desired angular frequency (1207 rad - s—1).

Set point (Pset, Qset, Isets Fset, Wset) 1S an equilibrium
point of the system in equations (4-7), where wge; is the
corresponding system frequency of the set point. Given {P;}
and {E}}, the set point is obtained by solving equations (4-
5) for all 4 € {1,2,...,n} with the help of the following
relationships obtained by zeroing the time derivatives in



equations (6-7)
0= mP(P;* - Pset,i - Eget7i1:)load,i) + wo, (8)
0= I(Q(‘E;k - ESStJ) - mQ(Qset,i + Eﬁet,i@load,i)~ )

The voltage stability of this system is studied using phase
angle, voltage and reactive power errors defined as

gz(g_éset;E: E_Eseth = Qset _Q

Based on equation (9), the operator commanded E satisfies
. m
Ez' = Eset,i + KiQ(Qset,i + E?et,inoad,i)' (10)
Q

The voltage control block in Figure 2 treats {Q;} as the
input and {E;} as the output. The associated error equation
therefore take the form of

Ei = Ei - Eset,ia
= KQ(E: - El) - mQ(Q’L + E?Qload,i);
= KQ(Eset,i - Ez) + mQ(Qset,i - Q’L)
+mq (Eget,i - E?)Qload,nom,iv
= mQQz - [KQ + mQ(2Eset,i + Ei)Qload,i]Ei'(ll)
Definition 1: System in equations (6-7) have voltage sta-
bility if: the inputs P, Pjoad, @, and Qoqq are constant,
there are two open subs~ets of Q1,051 C R™ containing
the origin such that if E(0) € Qg1 and 6(0) € Qs then
E(t) — 0ast— oo. }
Lemma 1 and 2 bound the value of (). Proofs of these

lemmas are provided in the Appendix.
Lemma 1: Defined g and 5 as

lg= 6(m§X(Eset,i) + |Ei|maz)(|Gii\max + 2| Biilmaz)s
ls = G(mlaX(Eset,i) + |Ei|max)2(‘Gii|maz + | Biilmaz)
|Q,| is bounded by
|Qil < 1B Eilmaz + 1510l maz

< Ip|Eilmaa + 15 - 27. (12)
Lemma 2: Define mg and mg as
_ s . 0Q ., 0Q
mp = max{V/\: X is an eigenvalue of (a—E) (8—E)},
0 0
ms = max{V/\ : X is an eigenvalue of (—Q)*(—Q)},
067 06
then ||Q||2 is bounded by
1Qll2 < mEpllEll2 + vAms|0; max- (13)

By inserting the power balance relation (4) into the earlier
droop equation (6), the frequency controller is written as
51’ = mP(R* - Pgen,i) + wo,
= mP(R* - Pi - Efpload,i) + wo,
=wo +mp(P} — E?Gi; — E? Pioaa.i)
—3mp Z EiEj(Gij COS((Si — (5]) + Bij sin(di — (Sj)),
j=1
J#i
n
=w; —mp Z3E1EJD/U| sin((Si — (Sj + (ﬁw‘),

j=1
i

(14)

where the natural frequency is w; = wo+mp (P} f?)Ei2 Gii—
EfPload,i); ¢s; is the phase shift associated with the link
between bus ¢ and j, ¢;; = ¢j; = tan_l(g:') € [-5,0]
the diagonal terms are |Y;;| = 0 and ¢;; = 0.

Buses in a power network are treated as interconnected
nonlinear oscillators [5] [6]. Synchronization of these oscil-
lators corresponds to frequency synchronization of the power
network [1].

Definition 2: System in equations (6-7) have frequency
synchronization: the inputs P, Pjyeq, @, and Qoqq are
constant, there are two open subsets of Qg 2,52 C R”
containing the origin such that if F(0) € Qg2 and §(0) €
(5.2 then S(t) — Oog = Waer S T — 00.

In conclusion, equations (4-5), (11), and (14) form the set
of state equations for the system being investigated, which
is shown in Figure 2.

IV. MAIN RESULT

This section derives sufficient conditions for voltage stabil-
ity and frequency synchronization in inverter based CERTS
microgrids. The result consists of two steps. This paper first
identifies positively invariant sets for voltage magnitudes
{E;}, and phase angles, {d;} where i € {1,2,...,n}.
Assuming that the system’s initial states start within these in-
variant sets, we first establish sufficient conditions for phase
synchronization and then establish the network’s voltage
stability.

A. Invariant Sets

The following lemma characterizes a positively invariant
set of voltage magnitudes.

Lemma 3: Consider the system model described by equa-
tions (4-5,11,14), and set |<§l| to be the maximum possible
value of 27 for any bus ¢, given

|Qioad,ilmaz < a, (15)
Kq/mg > max(bi + 24/ (—Qioad,i + a)c,
—b2 + 24/ (Qioad,i + a)c), (16)
where
a = (6+127)|Giilmaz + (12 + 127)| Bis|maz,  (17)
by = ((6 + 247)|Gilmaz + (12 + 247)| Bii|max
—2Q10ad,i) mlaX{Eset,i}a (18)
by = ((6 + 247)|Gii|max + (12 + 247)| Biilmaa
+2Qi0ad,i) mzaX{Eset,i}a (19)
¢ = 127(|Gyi|lmaz + \Bii|ma1)(m2&X{E5et,z‘})2~ (20)
If max E, < Bz = miax(Eset,i) 21

Kq/mq — b1 + /(b1 — Kqo/mq)? — 4(a — Qioad,i)C
+ )
2(0, - Qload,i)
and min F; > Epp = min(Eser ;) (22)

_ Kg/mg + by +/(Kq/mq +b2)* — 4(Qioaa,i + a)c
2(Qload,i + (l) ’




then the set Zg, defined as
IE = {E eR"™: Emzn < Ei < Emaz70 < Emzn < Ema:r:}7

is a positively invariant set with respect to the system
equation (11).

Proof: ZIp will be an invariant set, if, for arbitrary
i € {1,2,...n}, |E;| is non-increasing on the border of
Tg. There are two cases to consider in the analysis, when
E; = E,q., then Ei > 0. Inserting equation (12) into
equation (11) yields

Ei < (K + mo(uei + E)Qunl B

+6mqQ(Eset,i + E)(|Giilmaz + 2|Biilmaz ) Ei

+6mq(Eseri + Ei)*(|Giilmaz + |Biilmaz) - 27,
= mQ[(*Qload,i + CL)EZ? + (*KQ/mQ + bl)Ei +d].

E; should be non-positive to make E; > 0 not increasing.
Given the lemma’s hypothesis (16), the equation (—Qoqd,i +
a)r? + (—=Kg/mg + b1)x + ¢ = 0 has two real solutions,
at least one of them being positive. If (22) is satisfied, then
Ei is non-increasing on the border of E; = Fp,q,.

The other case occurs when F; = FE,,;,, then E~'i <0

B > —[Kq + mq(2Eseti + Ei)Qloaa,i| E:

—6mq (Fset.i + Ei)(|Giilmaz + 2| Biilmaz) Ei

—6mq(Eset,i + Ei)*(|Giilmaz + |Biilmaz) - 27,
= 7mQ[(Qload,i + G)E? + (KQ/mQ + b2)Ei +d].

E; should be non-negative to make E; < 0 not decreasing.
Given the lemma’s hypothesis (16), the equation (Qoad,; +
a)z® + (Kg/mgq + ba)x + ¢ = 0 has two real solutions, at
least one of them being negative. If (23) is satisfied, then E;
is non-decreasing on the border of F; = F\p,;p,.

Forany i € {1,2,...,n} when E; = E;, or Epqz, |Ez|
does not increase, hence any F; stays in Zp once it starts
between F,,;, and F,,,.. Therefore, the two conditions in
(21-22) imply that Zg is positively invariant. [ ]

Remark 1: Equation (15) restricts the reactive load Q544
by a. This requirement relates to the coupling strength of the
network through |G;|maz and | By;|maz-

Remark 2: Equation (16) requires the ratio K¢g/mg to
be large enough, which physically demonstrates the control
force of the inverter. A too large ratio may bring difficulties
to the construction of these inverters.

The following lemma derives a positively invariant set of
phase shifts {d;}. The analysis draws upon techniques used
in [5][7].

Lemma 4: Assume the conditions of lemma 3 are satis-

fied. Define A; and A, as
Ay = 3nE%, min | Bijl
i#£]

setj| +3 max|G“ - |)

As = max(|Pset.; —
2 =12 (| Pset,
6E7nzn ‘G“ |m17n
where Fi, and F,,.x are from Zg. If

Al sm(9) Z Ag, (23)

then there exists a non-empty set Zy

19:{5€RnlmaX|5i—5j|SH,HE[O,TF}}, 24)
v,

which is positively invariant with respect to system equations
(4-5,11,14).

Proof: Define a positive function V5(J) : R® —
for the network with n buses as

1 1
Vs(0) = mfprggj?(ﬂ‘si - 5)‘\} = m—P(dk —61),

[0, ]

where J; achieves clockwise maximum and J; achieves
the counterclockwise minimum, with k,l € {1,2,...,n}.
Assume that |0;(0) —0,(0)| < 6 for any i,j € {1,2,...,n},
where 6 is arbitrary and 6 € [0, 7], such that all angles are
contained in an arc of length 6.

Taking the upper Dini derivative of Vs, DT Vj is

O — 0y

= (Pset.k — Psert) — 3(E;Gri — EFGyy)

— 3[)  ExE;j(Grjcos(6x — d;) + By sin(dy — 6;))
7

- Z EyE;(Gyj cos(6; — d;) + Byjsin(6; — 65))]

T

= (Pact.k — Poery) — 3(B2Gri — E?Gy)

— 3[)  ExE;By;sin(6, — 6;) — Y EiE;Byjsin(6; — 6)]
g T

- 3[2 EyE;Gpjcos(d, — 6;) — ZE;EJG’U cos(6; — 6;)].
g o

From V' (4) < 6, there are (6 — 6;) € [0,6] and (6, — §;) €
[0, 6], so that sin(d,—d;) > 0 and sm(6 —d;) > 0. Moreover,
the following inequality holds,
sin(ék — 53) + sin(éj — 51)
O — 0y O + 0
) cos(

2
0 0
> 2sin — cos — = sin 6.
2 2

= QSin( —5j)

Replacing the sum of sinusoidal functions with its lower
bound sin 6, there is

D*Vp=(P; - P) -
S (Pset k — Pset,l) -
—3E?

(P — 1)

3(EXGre — E}Gu)

tnin7 1IN B;; sin 0
i#]

_6Er2nin | Gii |min

set7|+3 male“_ J7|]

6E?

m1n|Gii |m7,n

< m;x[IPset,i -

—3E2.

min H;gl TLB” Sln(e)

Under the lemma’s condition, A;sinf > A,. It should be
clear that DV < 0 and therefore Vj is non-increasing. As
a result, Zy is a positively invariant set. [ ]



Remark 3: Condition A;sin(f) > A, will be satisfied if
|B;;| is sufficiently greater than |G,;|. This is, essentially a
limit on network weakness.

B. Asymptotic Stability

The following theorem establishes sufficient conditions for
frequency synchronization.
Theorem 3: Under conditions in lemma 3 and 4, if

A sin(7r/2 - CVmax) > A27 (25)

where Quax = max;; tanfl(—Gij /Bij), then frequency
0i(t) = 0oo = wser a8 t — 00, for all 4 € {1,2,...,n}.
Proof: Define a;; = —¢ij = tan_l(—%) € [0, 3]
ij
Take bus voltages as inputs, derivatives of equation (11) is
d . " . .
70 = =3 " EiE;|Yy| cos(; — 6; — aij) (0 — 0),
j=1
J#i
rewritten in a vector form,
d. - .
—o0=F(t))
dt ( ) )

where F(t) is a time-varying matrix whose components are

Fii = —3mp ZEZEJ|YW| cos(6; — 6 —

J=1
JFi
Fij == 3mpEZEJ|

@ij),

Y;jl COS((Si — (Sj — aij).

By lemma 4, for all §;,6; € Zy where 4,5 € {1,2,...,n},
there is |5 0l < T2 — umax, Where aumax =
max;; tan”~ ' (=Gj;/B;;). The inequality above means that
cos(d; — 85 — ;) > 0. The system matrix F(t) therefore
satisfies: (a) its off-diagonal elements are nonnegative and (b)
its row sums are zero. As a result, F/(t) is a Metzler matrix
with zero row sums for every time instant ¢. All components
of F are bounded as follows,

|Fil <3mp Y EiE;|Yi| < 3mp maxz Y3
J=1
J#i J#Z
|E]|—3mPEE |}/7]‘ <3mpE }/7]|

max |

Under the bound given above and the fact that F(t) is
Metzler with zero row sums, one can use Theorem 1 in
[15] to conclude uniform exponential stability such that
all frequencies {d;} exponentially converge to a common

frequency 0o = Wset- [ |
The following theorem establishes the asymptotic voltage
stability.

Theorem 4: Assume that conditions in lemma 3 and 4 as
well as theorem 2 hold. Define By and By as

K .
By =-% 19 min((Eset,i + Ei)Qload.i),
mQ ?

By = mg,
where n the number of buses in the network. If

By > Bg, (26)

then all voltage magnitudes { £;} asymptotically converge to
{Eset,i}-

Proof: Taking the derivative of Vg = > 1", QmQEf,
we obtain,

1 -~ =
—FE,E;,

NgE

Vi =
e

~ 2

Z - + 2Eset i+ E )Qload ’L]

+Qz 2},
Kq
= —ETDiag(—
mq
Because lemma 4 and theorem 3 imply convergence of {J;}
to {0set,i}, for any €5 there is a time 7" such that when ¢ > T'
there is |0; lmaz < €5. Due to lemma 2, Q|2 is bounded
above by mg||E||2 + /nmses. As a result, the derivative of
Vg is bounded as,

+ (2Eset,i + Ei)(Qload,i)E + QTE

VE < mEETE + \/ﬁmgeg Z |EZ|

i=1

~ K
—ETDiag(—2 +
mqQ

~ . K ~ -
= ETDlag(mE - mi(; - (2Eset,i + Ei)Qload,i)E

(QEsct,i + Ei)(Qload,i)E

+vnmses Y |Eil.

i=1

There is a subset of E(t) satisfying |E~’Z| < 2Fget; +
Imp — Kq/mqg + v/nmses|/|Qioad,s| for an arbitrary es.
Once E(t) enters the subset at t = T, it stays in the set
thereafter, i.e. the system is uniformly ultimately bounded.
As €5 goes to zero, T increases and the size of the ultimate
bound asymptotically goes to zero. This is sufficient to imply
asymptotic convergence of FE to zero, which implies voltage
stability. As a result, the voltage control block ensures the
asymptotic convergence of voltage magnitudes {E;} to the
set point {Ese i} [

Remark 4: For voltage magnitude convergence, the ratio
Kq/mg must be large enough to compensate for the reactive
loads {Qloud,i}'

Remark 5: The reactive loads {Qoqaq,; } are important for
network stability. The allowable disturbance of ();oqq,; at bus
i is restricted by both mg and Kq/mq.

V. OPTIMAL DISPATCH

The objective of an optimal dispatch problem is to
minimize the instantaneous operation cost throughout the
network. It is solved by microgrid controllers to minimize
the generation cost, subject to power balance relations,
constraints on generation capacities, cable power flow limits,
voltage and frequency regulation rules, also considering sta-
bility constraints. Solutions to this optimization problem are
{P*} and {E*}, which are fed to CERTS droop controllers.

Given an islanded microgrid with n buses and m links
connecting them, with cost functions C'p(-) for real power



generation and Cg(-) for reactive power generation, respec-
tively, this optimal dispatch problem is expressed as

min Cp (Z Pgen,i) + CQ (Z Q9€”7i> ’
i=1 i=1
wrt. Ef P’ (i=1,2,...,n),
sub. to:for all ¢ € {1,2,...,n}) and j € {1,2,...,m}
Generation Capacity Limits (P,.,,, Pgen Qgen, Qgen)s

Bgen,i S Pgen,i S Pgen,ivggenyi S Qgen,i = Qgen,iv

Power Flow Constraints (Py,,, Pin, Q, , Qi)

P, < Py < Pm,j,le < Qunyi < Qs
Voltage and Frequency Regulation Rule (E, E,w,®),
E,<E <Ejw< ws <,

Power Balance Relationship (4-5),

Stability Constraints (21-22, 23, 25-26).

An example will be provided in Section VI showing that
constraints in equations (21-22, 23, 25-26) ensure stability
and the system may be unstable without these constraints.

VI. SIMULATION EXPERIMENTS

The schematic diagram of the simulation model is shown
in Figure 3. This is an islanded microgrid with three
buses, where ideal voltage sources are connected through
droop controllers. According to rural electrification scenar-
ios, power generation and load levels are below 10kVA
and the voltage level is 480V. Network links are AWG 6
cables, with an impedance of (2.5 + 0.1855) (/mile and a
length of one mile. Base values for p.u. normalization are
Spase = 10kVA and Vjq5e = 480V.

AWG6 Wires
2.5+0.185j Q/mile

Q,

8 kW
1 kvar

0~8 kW
-5~5 kvar

1 mile

pfQ,

5

Simulation Model of an Islanded Microgrid

p.fQ,

&

Fig. 3.

0~10 kW
-5~5 kvar

0~10 kW
-5~5 kvar

8 kW
1 kvar

8 kW
1 kvar

In this section, a load variation and the response of the
controller are simulated. The procedure is as following: the
simulation starts from zero initial conditions, known as a
“black start”; an equilibrium is reached where each generator
supplies its local load, so that no power is injected at bus 4,
ie. P, = Q; = 0; two seconds into the simulation, the load
on bus 1 increases by 2kW, while the controller increase the
injected power from the other two buses to meet the load.

Simulation tests intend show three aspects: (a) constraints
derived in this paper ensure stability and not including

them in optimal dispatch problem leads to unstable systems;
(b) the constraints are conservative, because of sufficient
stability conditions are obtained in this paper; (c) the stability
constraints in equations (21-22, 23, 25-26) make it possible
to control extremely weak networks.

Based on equation (16), there must be Kq/m¢g > 3061.2.
By selecting Ko = 160 with mg = 0.05, the condition is
satisfied. The system is stable and its response on bus 1 is
demonstrated in Figure 4.

Bus 1 voltage (p.u.)
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Fig. 4. Simulation Result with Ko /m¢g = 3200

By examining the top plot in Figure 4, one sees that the
voltage just prior to t=2 sec is a constant 0.95 p.u.. After the
load change, the voltage exhibits a temporary increase of
less than 0.0002p.u., which corresponds to a 0.02% voltage
ripple. The bottom plot shows the frequency in the network.
Within 0.15 sec after the load change, the network frequency
changes by a maximum of 0.05Hz. Thereafter, the frequency
converges to the desired value 60Hz.

To demonstrate that the stability constraints are essential
to ensure system stability, a dispatch problem without those
constraints is solved. The controller parameter K is chosen
to be one, with mg = 0.05, the ratio Kg/m¢g = 20. As
shown in Figure 5, the system shows instabilities in both
voltage and frequency signals.

Bus 1 voltage (p.u.)
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Network Frequency

Fig. 5. Simulation Result with K¢q/mqg = 20

Figure 5 shows that even before the load changes, the
system is unstable. In the top plot, one sees that the voltage
deviate from the nominal value by more than 50%. In the
bottom plot, the network frequency decreases below 20Hz.
Even though the signals are bounded, they are deemed
as unstable in a power network. As a result, the stability



constraints are critical to ensure stability in the optimal
dispatch problems.

The ratio K¢ /m¢ demonstrates the control force of the
inverter, physically. Reducing this ratio may bring benefits
when these inverters are actually built. It is shown in
this simulation that, with a reduced Kgq /mQ, the system
still has voltage stability and frequency synchronization. As
demonstrated in Figure 6, simulations are conducted with
Kq/mg = 300(left) and 200(right), respectively.
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Fig. 6. Simulation Results with K¢g/mg = 300(left) and 200(right)

Figure 6 shows that when the ratio Kg/mq is reduced
to about 1/10 (when Kg/m¢g = 300) of the limit given
in equation (16), the system still has voltage stability and
frequency synchronization. However, the voltage magnitude
at bus 1 has a ripple of 0.05% and the system frequency sees
a ripple of 0.01Hz. Further reduce the ratio to 200, as shown
in the right plots of Figure 6, the amplitudes of the ripples
in voltage magnitude and the system frequency are basically
the same. The difference is that, with a smaller control
force, the signals converge slower in this case. Because the
constraints derived in this paper are only sufficient conditions
of system stability, the conservativeness demonstrated here
is predictable.

Although AWG 6 cables (4.11mm in diameter) is small
for low-voltage distribution networks, even thinner cables
may be applied in rural electrification projects, such as
AWG 16 cables (1.29mm in diameter) used to connect solar
panels. These cables are assumed to have roughly ten times
of resistance and the same reactance as AWG 6 cables,
ie. (25 + 0.1855) Q/mile. Based on equation (16), there
must be Kg/mg > 292.5. By selecting Ko = 15 with
mg = 0.05, the condition is satisfied. The system is stable
and its response on bus 1 is demonstrated in Figure 7.

Bus 1 voltage (p.u.)

0 05 1 15 2 25 3 35 4 45 5

Network Frequency

0 0.5 1 15 2 25 3 35 4 45 5

Fig. 7. Weaker Network Simulation with K¢g/m¢g = 300

By examining the top plot in Figure 7, one sees that the
voltage just prior to t=2 sec is a constant 0.95 p.u.. After
the load change, the voltage exhibits a temporary increase
of less than 0.0001p.u., which corresponds to a 0.01%
voltage ripple. The bottom plot shows the frequency in the
network. Within 0.1 sec after the load change, the network
frequency changes by a maximum of 0.04Hz. Thereafter, the
frequency converges to the desired value 60Hz. As a result,
the stability constraints make it possible to control extremely
weak networks.

In this section, simulation tests are conducted to the
islanded microgrid model. Based on the simulation results,
we can conclude that constraints derive in this paper ensures
stability and not including them in optimal dispatch problems
leads to unstable systems. Because the stability conditions in
this paper are only sufficient ones, the constraints derived are
somewhat conservative, which means a system not satisfying
these constraints may still be stable. Furthermore, it is shown
that the stability constraints in equations (21-22, 23, 25-
26) make it possible to control extremely weak networks,
this property is especially valuable for rural electrification
projects.

VII. SUMMARY AND FUTURE WORK

Microgrids represent a bottom-up approach for improving
the power security of critical loads that cannot tolerate
disruptions in main grid service. Voltage stability becomes
a significant issue in microgrids when the network intercon-
nections are weak. This paper derives sufficient conditions
for voltage stability of a weak microgrid with inverter
connected sources. These conditions take the form of in-
equality constraints on various network parameters, loads and
generation setpoints. These conditions can therefore be easily
incorporated into dispatch optimization problems.

Future research will focus on the optimal control of an
islanded microgrid or coupled microgrids, where stability
constraints (21-22, 23, 25-26) have been added to the
constrained optimal dispatch problem in Section V. This
represents a point wise constraint that could be viewed as
a model predictive control (MPC) scheme with a horizon
length of zero [17]. Results in this paper will be extended
to a true MPC controller similar to that used in [10] and
these MPC problems can be solved in a distributed manner,
similar to our earlier work in [19].

APPENDIX
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is bounded by a function of £ and 6. With infinite vector
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Taking infinite vector norms on both sides, there is

121 < 528+ 534 .

- aENHJHa{L’

<|5e. el < |55 1o
Qinar < 52| 1Bl + |57 H i

where || ag lloo and || 66? |loo are bounded as following

|| ||oo*3Z|E (Gijsin(d; — ;) — Byj cos(di — 4;))

j=1
i
+ |3 Z El(G” sin(éi - (5]) - Bij COS(($Z' — (5j)) — GEZB”|,
j=1
=
S |6EZB“| + GZ |EZ(G” sin(&i - (5]) - Bij COS((SZ' — (Sj))|,
j=1
=
< 6|Ei|maa:|Bii|maw + 6|Ei|ma:1: mlaX(ZUGU‘ + |Blj|))a
j=1
i

< G(miaXEset,i + |Ei|max)(|Gii|maac + Q‘Bii|max) =g,

|| Hoo
= |3 Z EiEJ (Glj COS((SZ' — 5J) + Bij sin(éi - 5]))|
j=1
i
+ 3 Z |E1Ej (G” COS((5i - (5J) + Bz’j Sin(57; — (SJ))|,
=1
i
<6 |EiE;(Gyjcos(d; — 6;) + Bijsin(8; — 6;))],
j=1
=
< 6|Eil20z miaX(ZUGij\ +1Bi;1)),
j=1
i

S G(maXEset,i + |E1|mat)2(|Gzz|mar + |Bn|mar) = lé-

|

Proof: If system frequency synchronizes and phase

shifts are within the invariant set Zy, then for any ¢,; €

{1,2,...,n} there is |6; — 0| < Qmae. Within the invariant

set Zg, applying vector two-norm and its induced matrix
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