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Keywords: way of voltage regulation on distribution feeder. It then becomes necessary to optimally
Multi-objective Optimization control the operation of these traditional voltage regulating devices and the Sls. This paper
Smart Inverters presents a multi-objective technique that minimizes the voltage fluctuation (by implementing
Voltage Control conservative voltage reduction), the overall system active power losses and the amount of
Photovoltaic Systems reactive power injection from the capacitor banks with various constraints on the smart
Volt-VAR Optimization inverter reactive power injection and voltage regulator switching. The proposed algorithm

is tested on an IEEE 34 node system with six units of 300kW (400kV A SlIs) PVs integrated
using real data from an existing 1.AMW PV plant located at FIU. The Pareto optimization
results of the proposed algorithm show the various optimal values of the PVs power factor,
the voltage regulator settings and the capacitor reactive power injection. Using one of the
Pareto optimal solutions, the results show that the system bus voltage profiles, total system
power losses and capacitor reactive power injection were effectively optimized.

1 Introduction cording to [L1}[17,18]], the use of smart inverters (SIs) could provide
a more effective and economical way of voltage control especially
at high levels of penetration of inverter-based DERs. Voltage op-
timization can be carried out with the use of several components
in a distribution network. Several devices such as voltage regula-
tors, OLTC, switched capacitor banks, reactors, energy storages and
recently smart inverters (SI). SIs can be used to make significant im-
pact on the voltage profile of the distribution system using the power
factor control mode or the Volt-VAR/Watt control mode. With all
these devices simultaneously present in the distribution network,
there is an obvious need for optimizing their operation and also their
interaction in the system. Therefore the optimal coordination of the
control operations of the smart inverter and these existing legacy
devices becomes necessary. This paper presents a multi-objective
voltage control an optimization algorithm which is an extension of
a previous work done by the authors in [19]. In order to take the
advantage of the reactive power injection by the smart inverter, the
reactive power injection by the switched capacitor banks are mini-
mized as one of the optimization objectives. The smart inverters are
set to constant power factor mode with the optimal value selected

For environmental reasons, there has been a consistent increase in
global installation of photovoltaic (PV) systems. This is further
facilitated by the declining cost of PV modules over the years [1H5]].
The increase is PV installations is evident as the financial invest-
ments in PV installation globally is also on the rise. The increase
in levels of PV penetration have lead to several challenges which
include reverse power flow, voltage control issues, power quality
issues [6H9] (voltage and current harmonics, flicker, momentaries),
protection coordination problems, and possible increase in system
losses. [3[10H12]. Of these issues, voltage control is one of the
most important and of concern to utility companies. Traditionally,
utility companies uses the legacy devices such as reactors, voltage
regulators (VR), ON/OFF load tap changers (OLTC), and switched
capacitor bank for voltage control [13[14]. With the integration of
intermittent renewable energy resources such as PV systems, the
need for fast and more effective voltage control becomes imperative.
According to IEEE 1547-2018 [[15}[16], inverter-based DERs such
as PVs are allowed to participate in feeder voltage regulation. Ac-
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between 0.6 — 1 to allow for reactive power injection. The VR and
OLTC switching constraints are set within +16. The other objective
functions are to flatten the nodal voltage profile towards the lower
threshold of 0.95pu and minimize the overall active power losses in
the network. The rest of the paper is organized as follows: Section 2
presents a brief review of existing voltage control and optimization
techniques; the proposed optimization algorithm and its formulation
is presented in Section 3; Section 4 describes the feeder used as case
study and the simulation set up; Section 5 presents the simulation
results and their analyses; while Section 6 concludes the paper.

2 Voltage Control

Methods

and Optimization

Several voltage control techniques have been proposed and reported
in literature. Active distribution networks allow for bidirectional
flow of active and reactive power due to the integration of distributed
renewable energy generators. An evolutionary-based algorithm for
LTC and shunt capacitor Scheduling was proposed by authors of
[20]. The study was done to minimize the active power loss of
the system while keeping the operation of the voltage control de-
vices and the total harmonic distortion within limits. An NREL
report and publication by Ding et al [21} 22] developed an iterative
optimization algorithm that coordinates the use of SI, LTCs and
capacitor banks for optimal voltage regulation while implementing
conservative voltage reduction technique as a means of mini zing
the total system losses. The impact of the proposed optimization al-
gorithm on the system’s power quality was also analyzed. Reference
[23] developed three fuzzy logic controllers that control the OLTC
switching, the reactive power sharing (to enable a relaxation of the
OLTC switching operation) and reduce the active power curtailment
from the integrated distributed generation. Similar to [23], authors
of [24] proposed a Volt-VAR optimization (VVO) algorithm that
relax the voltage regulators and LTC operations as well as mini-
mizing the amount of PV generation curtailed. The proposed VVO
multistage algorithm was compared to the multi-objective VVO.
Most of the previously published papers did not optimally choose
the SI setting such as its power factor, minimization of reactive
power injection by the shunt capacitor banks by allowing more reac-
tive power injection by the SIs, and flattening the system’s voltage
profile and implementing conservation voltage reduction by pushing
the nodal values to 0.95 pu. To address these research gaps, this
paper proposes a multi-objective optimization algorithm that flattens
the node voltage profile, minimizes the power loss in the network
as well as minimizing the reactive power injection by the capacitor
banks by optimally selecting the power factors of the Sls , the tap
position of the voltage regulators and LTC as and the amount of
reactive power to be injected by the capacitor banks.

3 Formulation of Proposed Optimization
Algorithm

Objective functions

The first objective OF of the proposed optimization algorithm is
to flatten the voltage profile of the network as much as possible
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and also to make the nodal voltages close to the lower boundary
of the ANSI C84.1 voltage range of 0.95pu. The benefit of this
approach is to take the advantage of conservative voltage reduction
which allows the total load on the network to be reduced by simply
lowering the nodal voltages.

Ny

OF, =minZ

(cvpim = vy + favia = vy
j=1

(D

where V" and V% are the minimum and maximum allowable
nodal voltages respectively as expressed in equation (4), while « is
a factor which is used to make the nodal voltage V;, close to V}"i”.

Objective 2 (OF,) is minimizes the total active power losses in
the network.

total _ ptrans lines
Ploss - Ploss + Ploss

OF, = min| P}

loss

2

where = PJ’*" is the sum of the active power loss in the trans-
formers and P;'°" is the sum of the active power loss in the lines.

The third objective (OF3) of this work is to minimize the to-
tal amount of reactive power injected by the two capacitor banks
connected to buses 844 and 848.

N.
OF; = min Z O (3)

cb=1

Where Q. is the capacitor bank reactive power injection and
N, is the total number of capacitor banks in the network.

Constraints Formulation

Bus voltage constrains is set to be within the ANSI C84.1 standards.

VI 2 V2 Vi
“)
1.05pu > V;; 2 0.95pu

Capacitor bank VAR and switching constrains is given as equa-
tion (5). The maximum reactive power injection by these capacitors
are 300kVAR and 450kVAR according to the values in the feeder
parameters.

J J
| Qchma}c' Z | chl

&)

Typical VRs and OLTCs have 32 tap steps. For each tap step,
the change in voltage is typically 0.625%.

-16 <Tap,.; < +16 (6)

To enable the SIs inject some reactive power into the network in
order to allow for some voltage control by the SI, the PF values of
the SI are set as variable for the optimization in other to get their
optimal values.

0.6 < PVpp < 1 7)
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Table 1: PV Specifications

PVs Maximum Inverter Phases  Default PF
Power (kW) (kVA)
PV1 and PV5 300 400 1 0.8
PV2, PV3, 300 400 3 0.8
PV4 and PV6

4 Feeder Test Case and Simulation

In order to validate the effectiveness of the proposed multi-objective
optimization technique, six PVs with specifications as shown in
table [T] are integrated to an IEEE 34 node distribution feeder (as
shown in figure |I|) For each of the PVs, a minute resolution actual
global horizontal irradiance and temperature data (as shown in fig-
ures [2) and [3| respectively) are used as input to estimate the power
output of the six PVs. The PV locations were selected a little farther
from the substation transformer where there is a potential for some
voltage regulation issues.

PV1

ﬁ
822 v > m—v

820 » 844 PV 4

s ¢

818 ® 842
824 826 O 816 ¢
® 840

816
E 888 sio
r PV 2

828 830 854 856

802 806 808 812 814 850
Py

Figure 1: IEEE 34 node test feeder with PV locations

ce (Vim

Figure 2: 1-minute resolution global horizontal irradiance profile of the location used
for the simulation

S Simulation results and Analysis

The PV integrated IEEE feeder was modelled using the OpenDSS

software with the optimization algorithm developed with MATLAB.
A time series simulation with a total time step of 1440 minutes was
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Figure 3: 1-minute resolution temperature data of the location used for the simulation

carried out. Based on the three objective functions formulated, the
Pareto fronts for the 24 hour optimization are plotted as shown
in figures @] 5] and [6] The Pareto fronts show the several optimal
solutions available for the multi-objective optimization.

Based on the objective of highest priority, the values of the vari-
ables which are the tap settings of the LTCs, power factor of the PVs,
reactive power injection of the capacitor banks, can be selected. For
example, if the objective of highest priority is to have the minimum
amount of losses (OF3) in the network the Pareto optimal values
with their corresponding decision variables is as presented in tables
2]and[3] The loss minimization objective presented in tables2]and 3]
show the optimal values of the tap settings of the LTCs, power factor
of the PVs, reactive power injection of the capacitor banks that will
achieve the minimum amount of losses in the network. Using the
optimal values acquired from the optimization algorithm, the nodal
voltages of the network were simulated. The nodal voltages of buses
(single phase buses) 822 and 864 are as shown in figures Da}ob]
respectively while the nodal voltage for buses 840, 846, 848 and
890 are as shown figures[7} [8] [I0] and [I ] respectively.

The voltage profile on these buses clearly show the effectiveness
of the proposed optimization algorithm. The bus voltage profiles
were adequately reduced without going below the ANSI C84.1 stan-
dard voltage level of 0.95pu. As mentioned earlier, this was done to
implement the benefits of Conservative voltage reduction which can
be effectively used to reduce the total load on the network as well as
minimize the total system power loss. Also, as shown in figure[IT]
the un-optimized voltage profile of bus 890 was increased from less
than the minimum 0.95pu to values above the minimum 0.95pu.

Figure [I2] show the un-optimized and optimized total system
losses. The figure clearly shows the there is consistent reduction in
the overall system losses after optimization. Figure [I3] shows the
capacitor reactive power with and without the use of the proposed
optimization algorithm. The value of the kVAR injection by the
capacitor banks were consistently reduced which further shows the
effectiveness of the proposed optimization algorithm.

6 Conclusions

With the consistent rise in PV penetration on distribution feeders,
effective voltage regulation and optimization using Volt-VAR con-
trol becomes very important. This paper presented a multi-objective
optimization using the existing network legacy devices (switched
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Figure 4: Hourly Pareto optimization curve for the optimized objective functions
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Figure 5: Hourly Pareto optimization curve for the optimized objective functions
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Figure 6: Hourly Pareto optimization curve for the optimized objective functions
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Figure 13: kVAR injection on nodes 844 and 848 by shunt capacitors

Table 2: Hourly Pareto optimal values with minimum system looses

Hour OF, OF, OF; VR (pu) VR>(pu)
(kW) (kVAR) Phy Php Ph¢ Phy Php Ph¢
1 29.2225 | 77.8766 | 483.3489 | 0.9250 | 0.9500 | 0.9563 | 0.9028 | 0.9083 | 0.9093
2 29.2225 | 77.8766 | 483.3489 | 0.9250 | 0.9500 | 0.9563 | 0.9028 | 0.9083 | 0.9093
3 29.2225 | 77.8766 | 483.3489 | 0.9250 | 0.9500 | 0.9563 | 0.9028 | 0.9083 | 0.9093
4 30.5524 | 76.6284 | 458.7750 | 0.9250 | 0.9563 | 0.9563 | 0.9043 | 0.9162 | 0.9114
5 2.6370 | 42.8064 | 26.2413 | 1.0063 | 0.9625 | 1.000 | 0.9913 | 0.9903 | 0.9771
6 32.0493 | 75.6853 | 560.9548 | 0.9000 | 0.9438 | 0.9063 | 0.9406 | 0.9186 | 0.9094
7 30.4924 | 78.3439 | 540.5442 | 0.9125 | 0.9125 | 0.9250 | 0.9487 | 0.9086 | 0.9580
8 31.9572 | 46.2742 | 424.1565 | 0.9125 | 0.9188 | 0.9000 | 0.9081 | 0.9156 | 0.9031
9 6.9547 | 23.7373 | 341.3215 | 0.9938 | 1.0063 | 0.9625 | 0.9567 | 0.9528 | 0.9406
10 5.5729 | 17.0715 | 282.4728 | 0.9875 | 0.975 | 0.9813 | 1.0312 | 0.9834 | 0.9344
11 6.2144 | 26.3293 | 291.0744 | 0.9750 | 0.9938 | 0.9750 | 0.9900 | 0.9558 | 0.9468
12 5.5438 | 14.4402 | 208.2059 | 1.0500 | 1.0000 | 0.9750 | 1.0365 | 0.9530 | 0.9344
13 59157 | 38.151 | 275.5213 | 0.9813 | 0.9938 | 1.0125 | 0.9844 | 0.9778 | 0.9341
14 3.6769 | 23.0707 | 109.9043 | 1.0188 | 0.9563 | 0.9938 | 1.0098 | 0.9844 | 0.9509
15 5.1211 | 15.9318 | 245.9954 | 1.0000 | 1.0063 | 1.0063 | 1.0099 | 0.9411 | 0.9156
16 57797 | 12.5233 | 228.1546 | 1.0688 | 0.9688 | 0.9500 | 1.0213 | 0.9782 | 0.9541
17 6.4897 | 25.0358 | 299.8558 | 0.9813 | 1.0250 | 1.0188 | 0.9703 | 0.9342 | 0.9021
18 33.58 | 66.7876 | 466.7909 | 0.9000 | 0.9000 | 0.9000 | 0.9342 | 0.9468 | 0.9233
19 33.5301 | 75.1029 | 562.8816 | 0.9000 | 0.9063 | 0.9063 | 0.9594 | 0.9022 | 0.9405
21 32.9089 | 74.7385 | 494.4018 | 0.9063 | 0.9250 | 0.9188 | 0.9460 | 0.9031 | 0.9085
22 32.3954 | 77.4375 | 566.4084 | 0.9188 | 0.9063 0.9 0.9578 | 0.9219 | 0.9280
23 29.8817 | 79.9226 | 576.6802 | 0.9063 | 0.9438 | 0.925 | 0.915 | 0.9562 | 0.9154
24 33.4353 | 73.2124 | 496.9962 | 0.9000 | 0.9188 | 0.9313 | 0.9275 | 0.9086 | 0.9094
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Table 3: Hourly Pareto optimal values with minimum system looses

Hour Cap1 Cap2 PV] PV2 PV3 PV4 PV5 PV(,
(kVAR) | (VAR) | (u) | ow | Gw | (puw | Gw | (u
1 224.9997 | 258.3492 | 0.7473 | 0.6684 | 0.7505 | 0.8664 | 0.7011 | 0.7987
2 224.9997 | 258.3492 | 0.7473 | 0.6684 | 0.7505 | 0.8664 | 0.7011 | 0.7987
3 224.9997 | 258.3492 | 0.7473 | 0.6684 | 0.7505 | 0.8664 | 0.7011 | 0.7987
4 251.9337 | 206.8413 | 0.7418 | 0.8002 | 0.7258 | 0.8058 | 0.7102 | 0.8987
5 14.2472 11.9942 | 0.9885 | 0.8909 | 0.9125 | 0.9063 | 0.9232 | 1.0000
6 245.1979 | 315.7568 | 0.8264 | 0.8950 | 0.6728 | 0.9998 | 0.6260 | 0.9511
7 214.3476 | 326.1966 | 0.7864 | 0.7001 | 0.6404 | 0.8971 | 0.7616 | 0.9258
8 2743781 | 149.7784 | 0.7423 | 0.6425 | 0.9912 | 0.6334 | 0.8202 | 1.000
9 186.6092 | 154.7122 | 0.9425 | 0.6218 | 0.9984 | 0.9275 | 0.9818 | 1.0000
10 156.2404 | 126.2324 | 0.9636 | 0.7052 | 0.9941 | 0.917 | 0.9563 | 1.0000
11 162.369 | 128.7054 | 0.9503 | 0.6230 | 0.9753 | 0.8125 | 0.97 1.0000
12 109.2072 | 98.9987 | 0.9600 | 0.7317 | 0.9335 | 0.8969 | 0.9441 | 1.0000
13 122.0062 | 153.5151 | 0.9180 | 0.6195 | 0.8228 | 0.8295 | 0.9041 | 0.9102
14 26.4984 83.406 | 0.9811 | 0.8656 | 0.9427 | 0.9261 | 0.9378 | 1.0000
15 158.5989 | 87.3964 | 0.9625 | 0.7206 | 0.982 | 0.8842 | 0.9549 | 1.0000
16 141.6355 | 86.5191 | 0.9626 | 0.7743 | 0.9764 | 0.907 | 0.9592 | 1.0000
17 248.5619 | 51.2939 | 0.9468 | 0.6161 | 0.9694 | 0.8809 | 0.9735 | 1.0000
18 258.3798 | 208.411 | 0.7905 | 0.7331 | 0.9245 | 0.9227 | 0.6792 | 0.9354
19 239.9177 | 322.9638 | 0.9139 | 0.9348 | 0.8009 | 0.6829 | 0.9638 | 0.9188
20 273.3147 | 292.659 | 0.9998 | 0.9995 | 0.9999 | 0.9953 | 0.9777 | 0.9625
21 66.8531 | 427.5486 | 1.0000 | 0.9572 | 0.9994 | 0.7732 | 0.8599 | 0.9279
22 279.084 | 287.3244 | 0.9844 | 0.8301 | 0.9429 | 0.9452 | 0.898 | 0.9918
23 259.5105 | 317.1697 | 0.8380 | 0.8885 | 0.7520 | 0.6924 | 0.9566 | 0.7904
24 231.0427 | 265.9535 | 0.8280 | 0.7944 | 0.9795 | 0.9783 | 0.8495 | 0.9990

capacitor banks, voltage regulators and LTCs) and respective power
injection from smart inverters. The proposed algorithm minimizes
the voltage fluctuation (by implementing conservative voltage re-
duction), the total system losses, and the amount of reactive power
injection by the switched capacitor banks. The Pareto optimization
results showed that by selecting the objective of highest priority,
the values of the voltage regulators’ tap position, reactive power
injection from the capacitor banks and the power factor value of the
smart inverters can be effectively selected. Using one of the Pareto
optimal solutions, the bus voltage profiles, system power loss and
the capacitor bank reactive power injection were simulated. The
results showed the effectiveness of the proposed multi-objective
algorithm.
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