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Abstract—This paper proposes a hybrid voltage/var control
(VVC) architecture for distribution systems with a high PV pene-
tration. The architecture consists of two control loops: coordinated
normal control loop and uncoordinated transient cloud movement
control loop. In the first loop, hourly dispatches are scheduled for
on-load tap changer (OLTC), capacitor banks (CBs), and static
var compensators (SVCs) based on forecasted load and PV power
output so as to minimize power losses and voltage deviations. The
second loop is triggered when large variations of PV power output
caused by rapid cloud movement happen. All SVCs and CBs be-
come self-controlled based on local voltage measurements with the
single control objective to minimize voltage deviations. SVCs will
operate firstly to flatten the voltage profile. If SVCs fail, CBs will
switch to provide reactive power support. A time-adaptive delay
is applied to each CB to avoid overcompensation. Case studies
show the proposed method can optimize the system operation and
is effective in voltage regulation with PV generators.

Index Terms—Distributed generators, distribution systems, pho-
tovoltaic (PV) generation, reactive power control, voltage control.

I. NOMENCLATURE

FP; Active power flow from node ¢ to ¢4 1.

Q; Reactive power flow from node ¢ to 2 + 1.

Vi Voltage at node :.

ov; Voltage deviation between V; and Vj.

Dil Active load consumption at node .

il Reactive load consumption at node 3.

Di,g Active power generation at node 4.

Gig Reactive power generation at node <.

Qg Maximum reactive power generation at node ¢.

i+ j; Impedance of the line between nodes ¢ and
1+ 1.
Active system power losses.

A Maximum voltage deviation along the feeder.
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Cik,t Binary indicator of switch status of kth
capacitor in the capacitor bank (CB) at node ¢
(1-ON, 0-OFF) at time ¢.

Akt Binary indicator a;x 1 = Cik,tCik,t41-

Sik,t Binary indicator for switch status change of the
k th capacitor in the CB at node ¢ from time
ttot+ 1.

CAP;»  Maximum daily number of operations of sth
capacitor in the CB at node .

e Integer representing tap changes of the OLTC
from time ¢ to ¢ + 1.

TAP™**  Maximum daily number of OLTC operations.

bis Binary indicator of sth output value of the SVC
at node 7 (1-select, 0-not select).

Sves sth output value of SVC at node .

q%‘ap’“ Size of kth capacitor of the CB at node ¢.

yref Reference voltage at node <.

< Maximum allowable voltage deviation in the
transient cloud movement control loop.

€i Voltage deviation between V;mf and V;.

TD; Operation time delay of CB at node .

K; Time gain of CB at node .

o Time exponent of CB at node .

n PV power output change (kw/s).

Time horizon (e.g., 24 h).

II. INTRODUCTION

OLTAGE AND var control (VVC) is critical to distri-

bution systems since a proper dispatch of VVC devices
can improve power quality and reduce power losses. The in-
creasing penetration of photovoltaic generators (PV) has greatly
influenced conventional VVC due to the highly variable outputs
of PV.

VVC can be categorized as uncoordinated vs. coordi-
nated [1]. Uncoordinated VVC operates VVC devices such
as on-load tap changer (OLTC), capacitor banks (CBs), and
fast-responding voltage regulators locally to maintain the
voltage along the feeder within an acceptable range. The
advantages of this method include its simplicity and quick
response to disturbances. The drawbacks are that power losses
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are not taken into account and the operation of the system
may not be optimal. In coordinated control, a centralized op-
timization algorithm makes dispatch decisions for each VVC
device based on forecasted load and generation. The advantage
is that a multi-objective optimal control of the system may be
achieved. The drawbacks are its complexity and inability to
respond to load or generation ramps promptly. Coordinated
VVC is well studied in the literature [2]-[6]. In [2], OLTC and
capacitors are dispatched hourly based on one-day ahead load
forecast. The study in [3] proposes a two-stage coordinated
control scheme between OLTC and CBs. The dispatch schedule
of CBs is generated using genetic algorithm (GA) based on
forecasted load, and the OLTC is controlled in real time. The
study in [4] coordinates the control of OLTC and static var
compensators (SVCs) in a distribution system. However, none
of them considers the existence of PV.

As the penetration level of PV grows, their impacts on voltage
and reactive power in distribution systems have attracted in-
creasing attention around the world [7], [8]. The output of PV
can be highly variable and ramp up on the order of 15% of its
capacity per minute with intermittent cloud coverage [9]. The
small X/R ratio of distribution circuits highlights impacts of
could effects on VVC [10]. It is reported by [11] that the tran-
sient cloud movement may cause voltage fluctuation problems
when the PV penetration exceeds 20%. During these periods,
the solar radiation can change as quickly as 705 W/m?/s, and it
only takes a few seconds for a clear sky to change to be heavily
cloudy [12]. Many techniques have been developed to deal with
the variable nature of PV generation. Reference [13] uses en-
ergy-storage devices to manage PV variations. But the costs of
energy-storage devices are too high to be widely implemented
in practice. In [10], the stochastic nature of distributed gener-
ation is taken into account to schedule VVC dispatch, but the
transient cloud movement effects of PV are not considered.

Using PV inverters to provide reactive power support during
the transient cloud movement period has drawn more attention
in recent years [12], [14]-[18]. Study in [16] proposes a two
time-scale optimal control scheme. CBs are controlled in a
slow time scale, while PV inverters are controlled on a fast time
scale. Reference [17] designs an algorithm to balance the need
of flattening voltage profile with the desire to minimize losses.
PV inverters are controlled based on the balancing algorithm
and instantaneous measurements. The algorithms proposed in
[16] and [17] require complex communications. The latency in
communication and the optimization algorithms may slow down
algorithm performances during rapid changes in cloud coverage
[14]. Reference [12] analyzes the impacts of cloud effects on
voltage stability and finds that reactive power support provided
by PV inverters can solve the instability problem. Reference [ 18]
proposes a two-stage local control architecture to realize VVC.
Inverters provide reactive power support when the demand is
small. In comparison, both inverters and CBs will react if the
demand is large. The VVC is based on local controllers, which
can provide rapid response to voltage violations. However, there
are no time delays assumed for the operations of VVC devices,
which may cause overcompensation problems. In general, al-
though new IEEE standards are trying to relieve constraints on
PV integrations [19], there could be some potential drawbacks of
using PV inverters to provide reactive power support: 1) injecting
reactive power by PV inverters is not widely accepted by utilities
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TABLE 1
TIMESCALES OF ACTION
Device OLTC CB [26-28] SVC [29]
Timescale sec. to min. 1-2 cycles half cycle

currently and IEEE Std. 1547, which recommends PV to be
operated at a unity power factor is still the effective standard for
utility practices [20], [21]; 2) more expensive oversized inverters
are needed; 3) generating reactive power will decrease the profits
of PV owners; 4) the coordination among inverters and between
inverters and other VVC devices is not clear; 5) further research
on the night-mode operation of inverters is still necessary [22].
Hence, we only propose to use the existing voltage/var control
devices that are most widely available in practice in this paper.

In this paper, a new hybrid VVC scheme is proposed to re-
alize the optimal control of the distribution systems while effec-
tively dealing with the voltage regulation problem of PV caused
by fast cloud movement. Compared with previous methods, the
proposed technique relies on OLTC, CBs, and static var systems
(SVS) to achieve VVC on feeders with a high PV penetration
without violating the current IEEE PV integration standards or
requiring resizing of the inverters. The SVS can be SVCs or dis-
tribution STATCOMs (DSTATCOMs) [23], [24]. In this paper,
it is assumed that SVCs exist in the feeder. The proposed method
can also cooperate with overvoltage controllers [25] to further
alleviate voltage rise due to PV integrations. Thus, the proposed
method is a practical and economic way to be implemented in
distribution systems with PV generators.

There are two loops in the proposed control scheme: coor-
dinated normal control loop and uncoordinated transient cloud
movement control loop. The normal control loop makes hourly
dispatchschedules for OLTC, CBs,and SVCsbased on forecasted
load and PV power output. The control objective is to minimize
power losses and voltage deviations. When clouds move over,
the variations of PV power output will trigger the uncoordinated
control loop. All SVCs and CBs become self-controlled based
on local voltage measurements. Each SVC or CB is assigned a
reference voltage V**. The only control objective is to maintain
the deviation between the node voltage and its reference voltage
within a predefined range. Since there is no communication or
optimal coordination in the second control loop, it can respond
quickly to transient cloud effects. Table I shows the timescales
of'actions of OLTC, SVCs, and CBs. If the distribution system is
equipped with DSTATCOMs, the DSTATCOMs can perform the
functions of SVCs in the transient cloud movement control loop.

The remainder of this paper is organized as follows.
Section III introduces the distribution system model and the
proposed hybrid VVC architecture. Section IV discusses three
case studies to show the effectiveness of the proposed method.
Section V concludes the paper with major findings.

III. HYBRID VOLTAGE/VAR CONTROL ARCHITECTURE

A. Distribution System Model

Consider a distribution system as shown in Fig. 1, there are n
buses indexed by? = 0,1, ..., n. DistFlow [17], [30] equations
can be used to describe the complex power flows at each node ¢.

P? + Q7

P,;+1 = P, — 7T V2 (1)

— Pi41
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Fig. 1. Schematic diagram of a radial distribution system.
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Fig. 2. Flowchart of the proposed control strategy.

PP+ Q;
Qiv1 = Qi — T~ G )
| s o PR
Vi = Vi = 2(riPi+ 2Qq) + (17 + T?)T 3)
Pi = Pit — Pig, 0 = Qi — Gig @)

In (4), p; 4 is the active power generated by DG units which
are PV generators at node 4 in this paper, ¢; , is generated by
var compensation devices such as CBs or SVCs at node ¢.

Fig. 2 shows the flowchart of the proposed hybrid VVC con-
trol architecture. There are three VVC devices to be controlled:
OLTC, CBs and SVCs. Each CB is composed of several small
capacitors that can switch on/off individually. There are two
advantages to use small capacitor-based CBs: 1) the average
number of switching each small capacitor can be reduced; 2)
it is possible to adjust the CB output in a discrete manner with
small increments/decrements. In comparison, SVCs can be con-
trolled continuously or discretely. The discrete control of SVCs
is more popular in practical systems and considered in this paper
due to its lower cost and absence of harmonic injections [31].
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The overall control strategy proposed in this paper can be di-
vided into two parts: normal control loop and transient cloud
movement control loop. The normal control loop coordinates
the OLTC, CBs, and SVCs to achieve the multi-objective op-
timal operation of the circuits. The transient cloud movement
control loop becomes effective when the output of PV gener-
ators changes significantly due to intermittent cloud coverage.
In order to react fast to the moving clouds, uncoordinated con-
trols of SVCs and CBs are applied to achieve a single control
objective: to maintain the voltage along the feeder within the
predefined range. The SVCs and CBs in the transient cloud
movement loop are self-controlled without any coordination.
The switching times of all small capacitors in CBs are contin-
uously updated to make sure that they are lower than the max-
imum values. Details of the two control loops are discussed in
the following subsections.

B. Normal Control Loop: Optimal Coordinated Control

When there is no or less cloud coverage, the VVC devices will
be controlled by the normal loop. Optimal coordinated control
requires communication among measurement devices, VVC de-
vices and the centralized optimization algorithm. Moreover, for
a system with a m-step OLTC and n capacitors, there will be
m, X 2™ possible states for dispatch, which requires a large com-
putational effort. Although capacitors can be switched quickly
after receiving control signals, the communication between the
central controller and CBs takes longer time. Meanwhile, the
action of OLTC also needs some time. Thus, the coordinated
control is on a slower timescale such as hourly. In this paper,
one day is divided into twenty-four time slots. The optimal dis-
patch decisions are made and sent to each VVC device for each
time slot based on the forecasted load and PV power output.
Please note the proposed normal control loop can also be used
hours ahead in real time or sub-hourly as long as the forecasts for
the time intervals are available and the devices can act quickly
enough.

Consider using power losses of the distribution system and
voltage deviations along the feeder as control objectives, the
multi-objective optimal control problem for one day can be for-
mulated as follows:

1111n2 Y+ 6V (1)) (5)

subject to
SV (t) = max 8V (1), 6Vi(t) = |Vi(e) — Vo ()| ,i=1,....n
(6)

_ . PP+ Qi)
2€t) = ;hW (7
Pipi(t) = Pi(t) — pip (1) ®
Qit1(t) = Qi(t) — ¢i1(2) ©)
z.PL Lildi\b

Vi () = Vi) - )V:(f; Q) (10)
Pi(t) = pia(t) — pig(t). @i(t) = qi1(t) — q; o (1) (11)
‘/imin S V( ) Vlnax (12)
0 < gig(t) < g™ (13)
Vo(f) = TAP,V, (14)
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TABLE 11
THE RELATIONSHIP AMONG Sik,ts @ikt AND Cip 4
Sik,t aik,t Cik,t+1 Cik,t

0 0 0 0

0 1 1 1

1 0 0 1

1 0 1 0
Z |Cik.t+1 — Cine| < CAPSET (15)

t

(16)

Z |TAP, 1 — TAP,| < TAP™™
t

In constraint (6), Vj is the secondary voltage of the substation
transformer. Constraint (7) represents the power losses along the
entire distribution feeder. Equations (8)—(10) are the linear form
of the DistFlow equations defined in (1)—(4), which has been ex-
tensively verified and used in the literature [9], [17], [30], [32].
The linearization is based on the facts that nonlinear terms in
(1)—(4) are much smaller than linear terms [9], [30]. In (11), out-
puts of DGs and var compensation devices are represented as
negative active and reactive loads, respectively. Equation (12)
represents the permissible voltage ranges of all nodes (usually
from 0.95 p.u. to 1.05 p.u.). In constraint (14), V, represents the
primary voltage of the transformer at the substation, which is as-
sumed to be 1.0 p.u. in this paper. The daily switch times of ca-
pacitors and OLTC, which are describes in (15) and (16) should
be less than predefined maximum values. For (6), it is necessary
to remove the absolute value so as to reduce the non-linearity of
the original formulation. Thus, (6) can be reformulated as (17).
One of (17a) and (17b) is redundant, depending on the magni-
tude of V5(t) and V;(¢).

A(E) 2 Vilt) = Va(#), Vi
A(t) > Vo(t) — Vi(t), Vi

(17a)
(17b)

In constraint (15), assuming ;5 + = (Cik t41 — Cik.¢)>, since
Cik.: is a binary, ¢, = ¢+, we have

(18)
s;k,+ indicates whether the % th capacitor at node ¢ has changed
its status from time ¢ to time ¢ + 1 (s;, = 1, if the status
has changed). To linearize the multiplication of ¢;y, ¢41 ik ¢, WE
denote a;x,+ = Cik,t4+1Cik,: and a;x ¢ is a binary. Equation (22)
can be represented as (23)—(24).

Sik,t = Cik+1 T Cik,t — 2Cik t41Cik t

(19)
ikt S ikt Qikp S Cikpr1s Gikt 2 Cikt+Ciker1 — 1 (20)

Table Il illustrates the effectiveness of (19) and (20). It can be
seen that s,z ; can represent the switch status of the capacitor.
The constraint (15) can be reformulated as a linear constraint:

D sikr=Y (Cikarrtcine — 2ai,) SCAPR™ (21
i i

Sik,t = Cik i1+ Cik,t — 2C;k 1

In constraint (16), TAP, is an integer whose range is depen-
dent on the number of taps of the OLTC. Equation (16) can be
reformulated as follows:

By > TAPyy; — TAP,
By > TAP; — TAP 4

(22a)
(22b)
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> B < TAP™™ (22¢)
t

For nodes without PV, p; , = 0; for those with PV, p;; cannot
be dispatched, but can be forecasted. For nodes without var
compensation, ¢; , = 0. For those with SVCs, ¢; , can be se-
lected from a set of discrete values since SVCs are assumed to
be controlled discretely as shown below:

Gig(t) = b (g™ + bin(£)g¥ + - --

z

> hi(t) =1

s=1

+ b (g™

(23)

For nodes with CBs, ¢; , can be expressed as a combination of
outputs of capacitors in the CB.

Gi,g(1) = CAP1 (D)g{™ + CAP(1)g{™ + -+

+ CAPL (1¢S5 (24)

The above formulation schedules the dispatches of VVC de-
vices for each time interval based on the forecasted load and PV
power output so as to minimize active power losses and voltage
deviations. The problem is a mix-integer programming (MIP)
problem, which can be solved by GAMS. However, due to the
longer time required for computation, communication and me-
chanical action, the proposed normal control loop may be still
too slow to respond to transient cloud movement.

C. Transient Cloud Movement Control Loop: Local Control
by SVCs and Capacitors

As shown in Fig. 1, the voltage drop between node ¢ — 1 and
1 can be approximated as follows [1]:
AViipn=Vi— Vi
L TilP+pia —pig) +2i(Qi + @it — Giyg)
Visa

(25

Solar radiation changes quickly when cloud coverage varies,
which will result in sharp fluctuations of PV output. If p; , de-
creases, the voltage drop between two nodes will increase. In
this circumstance, ¢; 4 should increase fast to provide enough
reactive power compensation to flatten the voltage profile. As
shown in Fig. 3, the drop of PV output Ap; , triggers the tran-
sient cloud movement control loop, in which, SVCs and CBs
are self-controlled without any communication or coordination
to minimize the voltage deviation at each node. By using decen-
tralized control, SVCs and CBs can generate quick responses to
transient cloud effects.

There are two stages in the transient cloud movement control
loop. In the first stage, only SVCs are used to regulate voltage
while additional CBs will be used in the second stage to provide
more reactive power support. There two reasons why SVCs are
included in the first stage: 1) the action of SVCs is faster; 2) if
the cloud is not severe, SVCs can regulate the voltage, there is
no need to use capacitors, which can reduce the switches of ca-
pacitors. As discussed in the introduction, the control objective
is to minimize &; at each node. £; might be different from 8V;,
if Vr*t is not equal to Vj.

e = |V -V, (26)
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Fig. 3. Second-stage control flowchart for the capacitor bank at node ¢ in tran-
sient cloud movement control group.

In the flowchart shown in Fig. 2, SVCs will begin to regu-
late voltage in the uncoordinated control model in the first stage
as long as the voltage deviation, £;, is small enough. A SVC
is able to adjust its output susceptance based on local measure-
ments to regulate the voltage of the local node to be close to a
reference voltage (a detailed description of SVCs can be found
in [31], [33]). If the cloud effect is not severe, the voltage profile
should be flattened by SVCs, which means the control system
can return to the normal loop without entering the second stage.
However, if the cloud effect is severe and SVCs cannot provide
enough reactive power support, the control system will enter the
second stage to trigger the local control of CBs.

In the second stage, each CB only monitors the voltage at its
installed node and makes decisions by itself without any com-
munication with the other CBs, which can ensure its quick re-
sponse. The lower part of Fig. 3 shows the proposed local con-
trol flowchart of a CB during a severe transient cloud movement
period. Capacitors will be switched until the voltage deviation is
within the pre-defined range or the maximum number of opera-
tions is reached. Since capacitors detect voltage deviations at the
same time, all of them will be switched if there is no time delay,
which may cause overcompensation of reactive power and large
voltage swings.

The desired response of the capacitor bank at node ¢ can be
described as [34]:

Gi.g(t)

= qf:q - (ti-,g - q?,y) e T 27)
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Fig. 4. CB output with adaptive time delay.

where g/ ¢ 1s the final value of the reactive power required by
the system from the capacitor bank (CB), and q,?v o 1s the ini-
tial amount of reactive power presently being injected. 7 is a
time constant which determines the injection rate of the reactive
power. The time constant can be calculated based on the differ-
ence between the reference voltage and the measured voltage.
A capacitor bank is composed of several capacitors. Therefore,
we assume the reactive power injected by a capacitor bank at a
given time interval is discrete and constrained to a fixed value
which is the size of a single capacitor in the CB, while the injec-
tion time interval is varied. The time interval should be contin-
uously updated, as changes in loads, sources, and the injection
levels of adjacent capacitor banks may change the grid voltage.

Thus, a time delay TD; is added to every CB to enable CBs
to be switched in turn. For a certain CB at node i, TD; is time-
adaptive, which means TD; is updated after the operation of
the previous capacitors in this CB as shown in the following
equation.

x;

D, = K; [V - V; (28)
K, and a; can be used to control the range of time delay. K; is a
positive value and «; is a negative value. Larger absolute values
of K; and «; can result in longer time delay. In this paper, we
assume K; equals 1 and «; equals —1.

Fig. 4 shows the output of a certain CB installed at node z.
When the voltage deviation from the reference voltage at node
i becomes larger, TD,; becomes smaller and capacitors can op-
erate faster; when V; is approaching V¢, TD; becomes larger,
which indicates additional CBs may not be switched imme-
diately and only need to be switched if the voltage deviation
still exists. Since only one capacitor in the CB is switched at
each time, Agq is a fixed value which is equal to the size of the
switched capacitor in the CB, and the output of the CB increases
discretely. As there is no communication among CBs, each CB
does not know the operations of other CBs. After one capac-
itor is switched, the CB becomes idle for a period of TD, to
check whether the nodal voltage is fully recovered. If the nodal
voltage is still out of range, another capacitor in this CB will be
switched. When the voltage deviation at the CB node is within
the range, the current CB will return to the normal control loop.
For a system without SVCs, the first stage of the transient cloud
movement control loop does not exist. However, the second
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Fig. 5. Test distribution sytem.

stage of the control loop can still work with capacitor banks to
regulate the voltage as shown in Fig. 3.
In sum, the advantages of the proposed transient cloud move-
ment control loop can be summarized as follows:
+ A simple structure suitable for decentralized control of
multiple units.
* More stable operation as a result of the adaptive time delay.

IV. CASE STUDY

A. Two-Feeder Test System

This section presents simulation results of three cases: co-
ordinated normal control, uncoordinated transient cloud move-
ment control by SVCs and uncoordinated control by SVCs and
CBs. Fig. 5 shows the two-feeder test distribution system, the
details can be found in Appendix. The base MVA is 1.5 MVA.
We assume a PV generator is connected to node 7 on the pri-
mary feeder.

The proposed control framework can also be extended to the
case where multiple PV generators are connected to different
nodes on the system without loss of generality, as the problem
formulation in the normal control loop remains the same, and
the uncoordinated control loop can still work well since it only
relies on local voltage measurements. Meanwhile, the proposed
method can be applied to distribution systems with more nodes;
the only difference is that the search space for the optimal solu-
tion in the normal control loop might become larger. The sub-
station transformer is with +5% tap range and 10 tap positions.
There are two SVCs installed on the primary feeder, one is at
node 5, the other is at node 11. The maximum output of each
SVC is 26 kVar. CBs are installed at nodes 3, 7, 9 and 13 of the
primary feeder, and at nodes 4 and 10 of the secondary feeder.
For each CB, Ag = 1 kVar and the maximum output is 30 kVar.
We also assume 1 = 25 kW/s and ¢ = 0.01 p.u.

1) Case 1: This case demonstrates how the coordinated
normal control loop works based on the forecasted load and PV
output as shown in Fig. 6. The data for forecasted PV output
can be found in [35]. The PV output is hourly averaged data,
in which, the rapid fluctuations caused by cloud effects are
not included since the coordinated control works on an hourly
resolution. Cases 2 and 3 will discuss how to deal with the
transient cloud effects in the uncoordinated control loop below.

Based on the forecasted load and PV output as well as the
formulation of (5)—(24), the optimal dispatch of VVC devices
can be achieved. For illustration, the optimal dispatch between
08:00 AM to 11:00 AM is discussed in this case. The optimal
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Fig. 6. Forecasted load and PV output.

TABLE III
VVC DispATCH FROM 08:00 AM TO 11:00 AM

Time Tap q3 (kVar) q5 (kVar) q7 (kVar) q9 (kVar)

23 21 19 19
08:00 -1 qll(kVar) | q13 (kVar) | g4 (kVar) q10 (kVar)

18 18 26 28
q3 (kVar) g5 (kVar) q7 (kVar) q9 (kVar)

09:00 0 26 22 19 18
qll(kVvar) | ql13 (kVar) | g4 (kVar) q10 (kVar)

17 16 26 28
q3 (kVar) q5 (kVar) q7 (kVar) q9 (kVar)

10:00 0 27 24 16 16
qll(kVar) | ql13 (kVar) | g4 (kVar) | ql0 (kVar)

14 14 27 28
q3 (kVar) g5 (kVar) q7 (kVar) q9 (kVar)

100 | o 27 25 16 16
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14 14 28 28

solutions of the VVC dispatch are in hourly solution. The opti-
mization results are shown in Table III.

When there is enough solar radiation, PV generators can sup-
port the voltage and reduce the need for var compensation. As
shown in Table III, the outputs of CBs on the primary feeder are
much lower than those on the secondary feeder since there is no
PV connected with the secondary feeder. Meanwhile, as load
changes by about 8% from 10:00 AM to 11:00 AM, the outputs
of CBs and SVCs do not change too much and the var compen-
sation atnodes 7,9, 11 and 13 remain the same. During the same
period, the PV output increases by 20%, from 340 kw to 408 kw.
According to (25), because the load increase is compensated by
the increasing output of the PV generator, the voltage deviation
does not become larger.

Fig. 7 shows the maximum voltage deviations of all nodes
from 8:00 AM to 11:00 AM with and without VVC. It can be
seen that the voltage deviations are reduced by around 40%
through the implementation of the proposed VVC algorithm.

Fig. 8 shows the active power losses of the system. Applying
VVC to the system can reduce active power losses by around
20%.

2) Case 2: Case 2 demonstrates the first stage of the unco-
ordinated transient cloud movement control loop. As shown in
Fig. 9, we assume clouds move over after 5 s and the output
of PV generation decreases from 300 kW to 200 kW. SVCs
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become locally controlled to provide reactive power support.

Fig. 10 is a zoomed-in plot of Fig. 9, which shows the detailed
changes of voltages.
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Fig. 11 shows the outputs of SVCs at node 5 and node 11.
It can be seen that SVCs start increasing outputs in a discrete
manner after the rapid change of solar radiation and voltage
drop. When the voltage deviations of all nodes are within 1% of
the substation voltage at about 5.04 s, SVCs stop injecting re-
active power. The outputs of both SVCs are at their maximum.
Thus, SVCs are capable of dealing with the current cloud effect,
the control returns to the coordinated normal loop.

3) Case 3: In Case 3, a more severe transient cloud effect is
simulated. As shown in Fig. 12, the first 10-second plot shows
the voltage profile of the primary feeder when the proposed
VVC is applied. The plot of 11 to 20 seconds represents the
voltage profile without VVC. Severe cloud effects start after 5
s from the start of the simulation. The output of PV generation
decreases from 300 kW to 50 kW. Fig. 13 is a zoomed-in plot
of Fig. 12, which shows the detailed changes of voltages with
VVC during the transient cloud movement.

As shown in Fig. 14, SVCs operate firstly to provide reac-
tive power support. It can be seen from Figs. 12 and 13 that the
voltage deviations are still larger than 1% after both SVCs reach
their maximum outputs. Thus, VVC enters the second stage of
the uncoordinated control loop. CBs become locally controlled.
All CBs start generating more reactive power, only one capac-
itor in each CB is switched at one time, so the outputs of CBs
increase in a discrete manner. Since there is no communica-
tion among CBs, and each CB is self-controlled with its own
time-adaptive delay, it is possible that capacitors of different
CBs are switched at the same time. Considering the small sizes
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of capacitors and the variable time-delays, there will be no over-
compensation problem with the proposed algorithm. Take the
CB at node 7 as an example, the output increases fast when the
voltage deviation is large; after the nodal voltage is close to the
range, the time delay becomes larger and the output increases
slower until the nodal voltage deviation is within the range.

Fig. 12 also shows what the voltage profile would be if there
is no VVC. It is assumed that it is sunny between 10 s to 15 s
and clouds move over at 15 s. It can be seen that system voltages
are much lower after 15 s and more vulnerable to cloud effects
than those with the proposed VVC architecture. Reference [36]
studied the centralized coordination control between OLTC and
SVCs for voltage regulation in a distribution system with PV
generators. It takes several minutes to generate control signals
and regulate voltage levels when the fast moving clouds effects
happen [36]. However, the proposed decentralized method in
this paper can restore the voltage level to a desired value within
a few seconds during the transient cloud movement as shown in
Figs. 12 and 13. Hence, the proposed method is more efficient
in terms of shorter response time.

B. IEEE 123-Bus Test System

The modified IEEE 123-bus test system is considered. The
network parameters and load data can be obtained from [37].
The base MVA is 10 MVA. Fig. 15 shows the topology of the
test system. We assume PV panels are connected to nodes 13
and 60, each is 500 kVA. The substation transformer is with
+35% tap range and 10 tap positions. Two SVCs are installed at
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TABLE IV
VVC DispATCH FrROM 10:00 TO 13:00

Time Tap ql18(kVar) q44(kVar) q57(kVar)
30 21 33
10:00 0 q67(kVar) q86(kVar) q109(kVar)
22 21 14
q18(kVar) q44(kVar) q57(kVar)
11:00 0 31 21 32
q67(kVar) q86(kVar) q109(kVar)
22 20 14
q18(kVar) q44(kVar) q57(kVar)
12:00 -1 31 20 32
q67(kVar) q86(kVar) q109(kVar)
21 19 13
q18(kVar) q44(kVar) q57(kVar)
32 20 31
13:00 0 q67(kVar) | q86(kVar) | ql09(kVar)
22 21 14

nodes 18 and 57, each is 40 kVar. Capacitor banks are installed
atnodes 44, 67, 86, and 109. For each CB, Aq = 1 kVar and the
maximum output is 30 kVar. It is also assumed thatp = 25 kW/s
and ¢ = 0.01 p.u.

It is assumed that the forecasted load and PV output profiles
are the same as shown in Fig. 6. The optimal dispatch of VVC
devices can be achieved by solving the formulation of (5)—(24).
For illustration, the hourly optimal dispatch between 10:00 to
13:00 is shown in Table IV. The maximum voltage deviations
are 0.019 p.u. with VVC and 0.042 p.u. without VVC. The aver-
aged active power losses during this period are 0.012 p.u. with
VVCand0.019 p.u. without VVC. It can be seen that the voltage
deviations are reduced by around 55% and the active power
losses are reduced by around 36% through the implementation
of the proposed VVC algorithm.

Assume a moderate change of PV generation happens at
13:00. The outputs of the two PV generators decrease from
400 kW to 300 kW. Fig. 16 shows the outputs of SVCs at node
18 and node 57. Fig. 17 shows the minimum voltage in the test
system. It can be seen that SVCs start increasing outputs after
the rapid change of solar radiation and voltage drop. When the
voltage deviations of all nodes are within 1% of the substation
voltage at about 5.04 s, SVCs stop injecting reactive power.

To test the performance of the proposed control method
during a severe cloud movement, we assume a more severe
change of PV generation happens at 13:00. The outputs of the
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two PV generators decrease from 400 kW to 200 kW. Fig. 18
shows the responses of the SVC and CBs. Fig. 19 shows the
minimum voltage. It can be seen the minimum node voltage is
within the range after 1.5 seconds, which shows the fast and
effective voltage regulation of the proposed method during the
transient cloud movement.

V. CONCLUSION

In this paper, a hybrid VVC control architecture is proposed
for distribution systems with a high PV penetration. Coordi-
nated control and local control are combined in this architec-
ture for dispatching OLTC, SVCs and CBs. The paper assumes
CBs and SVCs are already deployed before the implementation
of the proposed VVC. When there is no cloud, the algorithm
schedules hourly operation dispatches for VVC devices to min-
imize power losses and voltage deviations. When clouds move
over, the local control loop becomes effective. To provide rapid
response to PV output fluctuations due to transient cloud effects,
SVCs and CBs are self-controlled without communication to
regulate voltages at their installed nodes. SVCs will operate in
the first stage. If voltage levels are still out of range, CBs will
operate in the second stage. Time-adaptive delays are applied to
CBs to prevent overcompensation. Simulation results show that
the proposed algorithm can effectively reduce power losses and
voltage deviations, while keeping the voltages at desired levels
during cloud-moving periods.
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Compared with previous VVC methods for circuits with
a high PV penetration as mentioned in the introduction, the
proposed hybrid architecture has notable advantages: 1) it does
not require inverters to provide reactive power; 2) it is based on
popular VVC devices; 3) it can optimize system operations and
regulate voltages in cloudy periods. Thus, the proposed method
is consistent with current PV integration standards and is more
suitable as well as economical to be implemented in practice.

APPENDIX

Two-feeder test system

Bus From Node To Fload OLoad Length (km)
No. Node (kw) (kvar)
1 1 2 57.5 25.5 0.032
2 2 4 62.5 25 2.5
3 4 6 50 17 2.5
4 6 8 85.75 15.5 1.75
5 8 10 64.5 15 1.5
6 10 12 54 12.5 0.75
7 1 3 60 14.5 0.11
8 3 5 55 17.75 2.5
9 5 7 71 13 2.5
10 7 9 68 12 1.0
11 9 11 85.75 13 1.5
12 11 13 75.9 13 0.75

Substation voltage: 8kv, base MVA: 1.5 MVA, Resistance:5x1072 Q/ km ,

Inductance: 4x10™* H / km » Loads are connected at ‘to nodes’.
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