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Abstract—This paper proposes an energy storage controller
synthesis method for voltage restoration in microgrids with re-
spect to temporal logic specifications (TLSs). TLSs is introduced
in this paper as a formalism to control the voltage variation
of a critical bus against an operational bounds over time. The
power system with synchronous generator (SG) connected to a
critical load bus is modeled as a set of differential-algebraic
equations and a simplified analytical model is derived to describe
the voltage variation of this critical bus. The control objective
is to schedule an optimal control input signal from a supportive
energy storage system (ESS) connected to the critical bus, such
that the voltage variation of the latter satisfies the TLSs, such
as a finite-time restoration. The proposed control is verified on
a lumped distribution system model. With this control diagram,
supportive controllers can be designed to make voltage behaviors
comply with grid codes and avoid unnecessary relay actions.

Index Terms—Voltage control, finite-time voltage restoration,
numerical optimal control, temporal logic specification.

I. INTRODUCTION

Microgrids are small scale power systems which represent
one of the main building blocks of smart grids. In the event
of disturbances, the primary control is applied to maintain the
voltage and frequency stability [1], [2]. However, the primary
control can lead to voltage and frequency deviations. To restore
the voltage and frequency to their nominal values, secondary
control is applied [1], [3]. In recent years, power systems
have increasingly been utilizing diversified power resources
for providing more reliable and efficient ancillary services [4],
[5]. With the incorporation of renewable energy in the ancillary
services, energy storage systems (ESSs) such as batteries and
supercapacitors, serve as buffers for the power system to
restore frequency and voltage to the allowable range [6]. The
ESSs perform better than traditional generators and operating
reserves with their quicker responsive capability; more precise
control and capability to store and release energy in providing
nearly net-zero energy services [7].

In electrical power systems, the voltage levels at all busses
must be kept within permissible limits in order for the system
to function properly, especially under intermittent renewable
generations and constantly changing load demands. Unac-
ceptable voltage variations may lead to system instability
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and life-time degradation, or even damage to grid connected
equipments. Many works have been applied to this area [8]-
[11]. On the other hand, most specifications of power system
control design are focused on set constraints [12]. However,
voltage restoration has different temporal properties, since
different ESSs have different response times. For this raison,
the finite-time restoration of the voltage becomes a desired
specification [8]. To avoid unnecessary relay actions and
comply with grid codes, constraints of dwell time on specified
sets need consideration. Motivated by that, we are interested
in the secondary voltage control of a critical bus utilizing
the support of the ESSs, by introducing the temporal logic
specifications (TLSs).

TLSs are utilized to provide time-related specifications, such
as after a fault occurs, the voltage at a critical bus should be
restored to 1 p.u = 0.02 p.u within 5 seconds. TLSs allow
richer descriptions of specifications including set, logic, and
time-related properties. The pioneering work in [13] introduces
the TLSs for controller synthesis of energy storage systems,
where a finite-time restoration is guaranteed. The work [14]
derives a provable probabilistic guarantee in the stochastic
environment of wind power generation. In [15], a numerical
optimal control (NOC)-based control synthesis approach is
proposed to schedule a controller for frequency support to
satisfy the TLSs. The latter control synthesis approach has
been introduced in [16], for the secondary voltage control
design with TLSs, by considering that the critical bus is
connected to an infinite bus.

This paper will investigate secondary voltage control with
TLSs as in [16], but by considering that the critical bus is
connected to a synchronous generator (SG). This represents
an islanded microgrid case. During a disturbance, the voltage
is required to be restored back within permissible limits
at a required time, utilizing the support of the ESS. The
controller will locally measure the voltage, estimate the size
of disturbance, and compute the reactive power input to be
injected from the ESS, such that, the voltage variation satisfies
the TLSs constraint. The ESSs, which can meet voltage
stability requirement in the form of TLSs, have more precise
time-related performance measure, which can create economic
benefits. Notice that, thus finite-time restoration and dwell time
constraints are pressing and require a novel control approach.
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II. PRELIMINARIES ON TEMPORAL LOGIC
SPECIFICATIONS

In this section, we briefly review the TLSs characteristics
[17]. TLSs can be defined in terms of its syntax and semantics.
Syntax describes the structure of syntactically formulas for the
logic. Semantics describe the meaning of the formulas and the
rules to evaluate them. The syntax of TLSs is defined as

¢ = Ta ' _‘¢7 ¢1 A ¢27 ¢1 \ ¢2a ¢1Z/{7'¢2a =, <,

where T denotes Boolean constant True. -, A, V, = and &
are negation, conjunction, disjunction, implication and equiv-
alence, respectively. U, is a temporal operator representing
“until” and 7 is the time interval over R>g. ¢ is a statement
on the system variables that maps to the Boolean domain
B = {True, False}. A signal ¢ satisfies the required TLS ¢
(i.e, & = ), if  evaluates to True when £ meets the conditions
defined in ¢. We can also derive two useful temporal operators:
& = Oty 2] (eventually), where [t1, o] is the time interval, if
¢ holds at some time step between t; and to, and § = Oy, 1,19
(always), if ¢ holds at every time step between ¢ and t,.
Additionally, we define U}, 4,19, if  holds at every time
step before v holds and ) holds at some time step between
t1 and t2. An example of a TLS is given as

¢ =0=(21>10) ADp 10/(—2 < 22 < 2),

which reads “z; is always less than 10, and zo is always
bounded by —2 and 2 at each time step from 2s to 10s”.

III. VOLTAGE CONTROL WITH TEMPORAL LOGIC
SPECIFICATION

A. Problem Statement

This paper deals with the voltage control of a critical load
bus. A lumped distribution system model is considered and
it is shown with its equivalent circuit in Fig. 1 and Fig. 2,
respectively. This system consists of a SG, which is equipped
with a fast excitation system, connected through one transmis-
sion line to the load bus, which is considered as the critical
bus, and it is connected to an ESS. The net load changes due
to either the intermittency of renewable generation at the load
side or abrupt demand change. The objective of the control
strategy is to deliver reactive power from the ESS to maintain
the voltage at the critical bus within permissible magnitude
and time limits. This additional time constraint is generated
by introducing some temporal logic specifications. The overall
equations of the SG and the transmission line are presented.

The full state equations of the SG are given by [18],

5 =W — W
w, = ;Sl[Pm — B, + (A/Xd—Xd)Iqu—i-D(w—ws)]
By  =7By+ (Xa— Xg)1a — By

Eta = 75(Bta— 45 Ve = Vi) 0
satisfying the algebraic equations
Va=Visin(d — 01) = X 1,
%Z%COS(é—el)ZEq—Xd[d, (2)
Vi =/ Vd2 + ‘/;127

where, 0, w,ws, By, Eyq are the generator angle, frequency,
synchronous frequency, g-axis transient voltage, and field
voltage, respectively. #; is the voltage phase angle at bus 1.
1y, I, and Vg, V, are the d-axis, g-axis currents and d-axis
and g-axis voltages. Xd,Xq,X;l are respectively the d-axis
reactance, g-axis reactance, and d-axis transient reactance.

Suppose that the frequency is normalized as w, = w% The
linearized equations of the SG are given by

AS = w;Aw,
A, = 52[AP, — K1A§ — Dw;Aw, — KoAE,]
AE, = ;Ti[%gAEq + K4A6 — AEyq]
(3)
AVy = K5Ad + KsAE,, “4)

where K| — Kg are the well-known linearization constants
derived in [18].

Bus 2 is considered as the critical bus, the voltage of which
is required to be controlled, satisfying a TLS constraint. An
aggregated net load and an ESS are connected to the critical
bus. The disturbance is considered as a load change and
denoted by AP,;. Assume the reactive power variation of the
ESS under the control input, denoted by ()., is governed by
the following state space model,

# = Ax + Bu, AQ. = Cx. (5)

The power flow across the transmission line from the
generator to bus 2, denoted by Si12 = Pio + jQ12, follows
from Kirchhoff’s laws as

Vil — Valfy\*
Siy = V1201 (I1y) = V126, (”“) . (6)

Re +jX.
which leads to the following algebraic equations

Py = G12V12 =+ Vl‘/—Q[G12 COS(91 — 6‘2) + Bio sin(61 — 92)}
Q12 = — B2V 4+ ViVa[Giasin(6y — 62) — G2 cos(b; —(%)],
such that,
R. . X
R+ x2 'R+ X2

Gi2 + jBio = ®)

where R, and X. are the external resistance and reactance,
respectively. The linearized power flow in [19] is employed as

follows
Pra = G12(Vi — Vo) — Bra(6h — 02) 9)
Q12 = —B12(Vi — Va) — G12(01 — 62).
Power balance at bus 2 can be expressed as
Py =P+ APy (10)

Q12 = QL — Qc,

such that P, and @ are the active and reactive power of
the load demand, respectively. Combining Egs. (9) and (10)
yields
P+ AP; = G12(V1 — VQ) - 312(91 - 92)
QL — Qc = —B12(Vi = Vo) — G12(01 — 02)

Y
12)
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Fig. 1. A lumped distribution system model.
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Fig. 2. Equivalent circuit.

One get, from (11)
—Pp — APy + G12(V1 — V3)

01— 05 = (13)
1 2 B
Substituting (13) into (12), we get the voltage at bus 2,
Vo =C1Q. + CoAP; + C3 + V7, (14)
such that, B o
Cr=— 12 Co=—"2_ and
G1, + B, Gty + B,
O — (QL312 - PLG12>
3= 2 2 :
Giy + Bi,
So, the voltage deviation at bus 2 is described by
AVy = C1AQ. + CoAP; + AVh, (15)

and, therefore, it depends on the reactive power injected from
the capacitor, the change in power load demand, and the
voltage deviation at bus 1.

Substituting AV, and AQ. by there expressions (4) and (5),
respectively, we get

AV, = Clcl‘-‘rCQAPd—I—K()A(S—FK@AEq. (16)
Consider the state space,
X =[A§ Aw, AE, AE;; ]t

Based on (3), (5) and (16), the simplified model in state-space
form can be expressed as follows

X =AX+BU (17
AVy =C'X + D'U,
where
0 ws 0 0 01
o et 2y 000
r_ — K4 — _1
S I T T
Ta Ta Ta
0 0 0 0 A |
o000 B|" u ]
r_ _
B_ooooo}’U_{APd’ (19)
C'=[Ks 0 Kg 0 CiC], D'=1[0 C3].  (20)

B. Numerical Optimal Control Formulation

Let the analytical model in (17), be discretized at a sample
time ¢4, and expressed compactly as follows:

w(k+1) = Aq(k) + Bau(k) + Bad(k) — (21)
AVo(k+ 1) = Cqx(k) + Dau(k) + Daad(k),  (22)
and let the scheduling horizon denoted by 7 = [1,---,T].

The control input should not exceed a certain limit, that is,
lu(k)| < Ulim, Yk eT. (23)

Then, the voltage is required to satisfy some time restoration
constraint, to enhance the performance, by introducing the
TLS AVi(k) E ¢, Yk € T, where

o = O[(AVa (k)| > AV,) = 00, D(|AVa ()] < AVL)]
(24)
The above TLS states that, whenever the voltage deviation is
larger than AV, then it should become less than AV, within ¢,
seconds. The objective is to minimize the total control efforts,
which can be represented as the summation of all decision
. T

variables as Cy =Y, _; |u(k)|.

The scheduling problem can be summarized as follows
Cu st VkeT

z(k+1) = Agz(k) + Bau(k) + Baad(k)

AVi(k 4 1) = Cqa(k) + Dgru(k) + Dgod(k)

|u(k)| < Utim,

AVZ(k) E 2

o= DlIAVSR)] 2 V) = 0 DAV (K] < VL)L

(25)

The TLS can be encoded using the toolbox BIuSTL [20].
The toolbox takes as input a linear system, a set of time
constraints expressed in TLS, and a cost function. The output,
is the optimized closed-loop controller, where a sequence of
inputs is computed at each step, and only the first input value
is used for one time step, and the process is reiterated. The
approach is based on encoding the system dynamics, the TLS
constraints, and the cost function together in a mixed-integer
linear problem (MILP) [21], [22], written in the format of

Yalmip [23], and solved by an optimization solver such as
Gurobi [24].

min

IV. SIMULATION AND RESULTS
The bases of the microgrid system are given as follows:

Phase = 100 x 103 [W], Vigse = % =391.9184 [V],

5 —

3
3 = 170.1035 [A], Zpase = Y2 = 2.304 [ohms].

1 = -
base %Vb

The network parameters are given as follows:

Z15 = 0.0651 4 50.1145 [p.u], C; = 0.0651,
Yig = Gia2 + jBi2 = 5 = 3.7525 — j6.6001,

The generator parameters are given as follows:
K, =3.7585, Ky =3.6816, K3 =0.2162, K, = 2.6582,
K5 =0.0544, K¢ =0.3616, Ty, =6s, H =4, T =0.01,
K =100, D =0.

The parameters of the responsive model of the ESS are
assumed to be A = —0.412, B = —0.45, and C' = 0.538.
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Fig. 3. Voltage deviation response for TLS (26), with Uyj, = 7.
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Fig. 4. Input signal for TLS (26), with Ujjp, = 7.

A. Case Study

Consider the state space model (17), with the above pa-
rameters, and the step disturbance AP; = 0.7. We propose
to constraint the voltage deviation to satisfy the TLS formula
© = (), for the scheduling problem in (25), such that,

ot = ((|AV2] 2 0.02)) = (Op,5H(|AV2] < 0.02)), (26)

which reads “when |AV4] is larger than 0.02, it should become
less than 0.02 in less than 5s for always.” This problem is
simulated for two control input limits, and the simulations are
illustrated in Figs. 3, 4, for Uy, = 7, and in Figs. 5, 6, for
Uim = 10.  Consider now the optimal control without TLS,
such that the objective is to minimize the total control effort
and the voltage deviation represented as,

T

T = Y lulk)] + AR

k=1

27

0.04

0.02

-0.02

-0.04 -

-0.06

-0.08

o1l

012

Voltage deviation (p.u)

044

. . . . . . .
o 5 10 15 20 25 30 35 40
Time (s)

Fig. 5. Voltage deviation for TLS (26), with Uy;y, = 10.

Control input

Fig. 6. Input signal for TLS (26), with Uy, = 10.

The scheduling problem is summarized as follows:

min Cy st VYkeT

2(k +1) = Agz(k) + Bau(k) + Baod(k)
AVy(k + 1) = Caz(k) + Dagru(k) + Daad(k)
u(k)| < Utim,

lu(k) —u(k — 1) < AUjm,

(28)

where the rate of change constraint of the control input is
added. The voltage deviation with control and without control,
and the control input are simulated in Figs. 7, 8 for Uy, = 4.5,
and in Figs. 9, 10 for Uy, = 6, respectively. We remark that
without TLS constraint, the voltage restoration takes more than
42s for Uy, = 4.5. By adding more control effort, the voltage
deviation will go to zero for Uy, = 6, but takes more than
60s. As shown, reducing the time of voltage restoration and
control optimization, can be met by using TLS constraint.

=== === yoltage without control
—oltage with control

Violtage deviation (p.u)

Fig. 7. Voltage deviation response without TLS, for U}y, = 4.5.

Scheduled Input

(] 10 20 30 a0 50 60 70 80

Time (s)

Fig. 8. Input signal without TLS, for Uy;, = 4.5.
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Fig. 9. Voltage deviation response without TLS, for Uj;,, = 6.

Scheduled Input
Ao

I
a

o

‘o 10 20 30 a0 50 60 70 80
Time (s)

Fig. 10. Input signal without TLS, for Uy;,, = 6.

V. CONCLUSION

In this paper, an optimal-based control scheduling approach
is applied that enables the realization of voltage restoration
under time constraint, by introducing the TLS. The considered
model consists of a SG connected to a critical load bus. To
maintain the voltage deviation, caused by a change in load
demand, within set and temporal constraints simultaneously,
an ESS connected to the load bus supports the voltage restora-
tion. The reactive power input signal is obtained from a MILP,
where the TLS is encoded, such that the voltage admits a
specific time restoration.
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