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Abstract—Adoption of solar Photovoltaic (PV) is on the rise in 

different parts of the world. Till date, most solutions proposed to 

mitigate voltage problems caused by high PV penetration on 

distribution network have hovered around smart inverters. As 

new control technologies at the grid-edge such as Secondary 

VAr Controllers (SVCs) become ubiquitous, the need to 

understand the interplay between smart inverters and SVCs is 

felt. This paper addresses the interaction between smart 

inverters and SVCs through QSTS simulations. The field results 

collected from a pilot project performed at Hawaiian electric are 

taken as the basis for conducting these simulations and creating 

future scenarios. Using SVCs, Smart Inverters and optimized 

settings of the LTC, it is demonstrated that the PV hosting 

capacity of the distribution system can be doubled from 

(4.8MWPV to 9.6 MWPV) without causing voltage problems. 

Further, using a dynamic coordinated control of the LTC with 

SVCs, it is shown that the ramp rate of real power flow at the 

substation during evening time (duck curve effect) can be 

reduced by 10.8%. Finally, it is conjectured that the dynamic 

control of LTC can eliminate the need for extensive DER 

interconnection studies by naturally achieving optimized settings 

under varying operating conditions.  

 Index Terms— Duck Curve, QSTS, Ramp Rate, Secondary VAr 

Controllers, Smart Inverter, SVC, Voltage 

I. INTRODUCTION 

The impetus towards renewable energy has never been 
stronger than today.  As utilities across the US march towards 
establishing and meeting aggressive renewable generation 
targets. Take for instance, Hawaii with a target of reaching 
100% renewable energy by 2045, and California and New 
York with a target of reaching 50% by 2030 [1]. A significant 
part of this renewable generation is solar Photovoltaic (PV) in 
its various forms: utility-owned, commercial and residential 
roof-top PV. Renewable energy is the cornerstone of tackling 
climate change and reducing CO2 emissions among other 
plethora of advantages. However, there are engineering 
challenges that need to be addressed as we see an exponential 
growth in renewable penetration especially in utility 
distribution networks. These challenges pertain to the inherent 

variability associated with renewable generation. In this paper 
we focus on solar PV, the challenges associated with it and 
various ways of solving those issues. 

Solar PV generation is intermittent in nature due to cloud 
cover variations. This can lead to high voltage fluctuations in 
distribution networks. Further, high penetration of solar PV 
can cause over-voltages in different parts of the network. On 
the one hand, high voltage fluctuations can lead to voltage 
flicker and degrade the quality of service to consumers, while 
on the other hand; high voltage can pose safety concerns for 
utility crew members and consumer equipment. Therefore, the 
voltage issues caused by intermittency of solar PV needs to be 
managed.  

Several efforts in the past [2]-[4] have addressed 
challenges associated with solar PV in distribution network. 
Different solutions have been proposed [5]-[6]. Common 
solutions have been around the use of Smart Inverters [5] or 
using energy storage systems [6]. Newer technologies such as 
SVC (Secondary VAr Controllers) provide a refreshing new 
avenue under utilities’ belt to control voltage in a distributed 
fashion [4]. 

However, there have been no studies, efforts or 
deployments till now that look at the interplay between newer 
technologies (smart Inverters, SVCs, storage) and 
conventional control (LTC, LVRs, Cap Banks) present in the 
system. This paper focuses on a pilot at Hawaiian Electric 
with SVCs to improve PV hosting capacity that led to an 
advanced simulation study on the interaction between smart 
inverters and SVCs. These are two new technologies that are 
going to be adopted by utilities for managing solar PV induced 
issues.  

This paper presents insightful results related to the increase 
in PV hosting capacity increase under different scenarios such 
as a distribution system with only new smart inverters, with all 
legacy inverters converted to smart inverters, with only SVCs 
and with a combination thereof. This paper also proposes a 
novel method that uses autonomous coordinated control 
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between an LTC and distributed controllable assets (SVCs and 
Smart Inverters) for smoothing the PV induced ramp rate 
(duck-curve) seen during evening times in feeders with high 
PV penetration. This method also allows hosting more PV 
without requiring extended analysis for computing the right 
settings of legacy and smart assets.   

This study is an effort in helping utilities to tackle 
seemingly intractable challenges and to answer the questions 
pertinent to high PV penetration ranging from PV hosting 
capacity, ramp rate control and performing extensive DER 
integration studies. 

II. SMART INVERTERS AND SVCS

A. Smart Inverters

As per California Rule 21, Hawaii Rule 14H or the IEEE
1547 standard, smart or advanced inverters are mandated to 
control the voltage at their terminals as a best effort to be 
within the ANSI C84.1-2016 Range A (114V – 120V) [7]. 
The inverters have functions that can be enabled to 
inject/absorb VArs (Volt-VAr curve), curtail watts (Volt-Watt 
curve) and a myriad of other functions to control voltage. 
When smart inverters curtail watts to avoid overvoltage, they 
reduce sales revenue of PV owner. An interesting, but often-
overlooked, point to consider is that smart inverters may not 
have the adequate VAr support to control voltage to the degree 
needed or may not be deployed where VArs support is 
required as utilities do not control where the next residential 
PV generation will be deployed in the grid. Further, the 
maximum kVAr absorption required to prevent over-voltage 
before curtailment occurs is limited e.g. reactive power is 
limited to 44% of the rated PV capacity beyond 127.2V 
(1.06*120V) as per Hawaii Rule 14H (Fig. 1) [8]. As an 
example, if an inverter is rated at 5 kVA (then 44% of the 
rated capacity is 2.2 kVAr of reactive power). At 126V (i.e. 
Upper ANSI-A limit) the inverter will absorb only 1.5 kVAr, 
which may not be sufficient to bring the voltage back within 
the ANSI range.    

. 

Figure 1.  Volt-VAr Curve for Smart Inverters as per Hawaii Rule 14H 

Finally, as smart inverters are consumer-owned, their 
availability is contingent on the consumers’ ability or choice 
to maintain the asset. This raises another concern for utilities, 
which have historically exercised deterministic and reliable 
control over their system. Nevertheless, smart inverters do 
provide limited relief from self-created voltage violations by 
PV panels. 

B. Secondary VAr Controllers

SVCs are utility-owned devices that tightly regulate the
voltage locally (on the secondary side of service 

transformers) and feeder wide (on the primary MV side). 
SVCs are shunt connected on the secondary (208V – 277V) 
side of the service transformers and are generally single-
phase but can be designed to be three-phase as well. The tight 
regulation is accomplished by injecting VArs when the 
sensed voltage drops below a configurable set-point and 
removing VArs when the voltage rises above the configurable 
set-point.  These devices are dynamic, fast-acting and can 
inject variable amounts of reactive power (e.g. 1 kVAr 
increments up to 10 kVAr) on a sub cycle basis. A few 
companies exist in the market with SVC products e.g. ENGO 
offered by Sentient Energy shown in Fig. 2. 

GEMSTM ENGO® 
ENGO deployed on a 

Pole 

Figure 2.  SVC Solution in the Market: ENGO (0 – 10 kVAr) and GEMS 

software platform offered by Sentient Energy

Several SVCs deployed on the distribution grid act 
autonomously once they have a set-point command. All the 
SVCs can communicate wirelessly (cellular or mesh radio) 
and managed by a central software platform that can help in 
dispatching utility defined set-points; and help to collect, 
visualize and report data. This software platform can be either 
hosted in the cloud or deployed on utility premises behind 
utility firewall to ensure cybersecurity. This software 
platform can also act as a gateway to communicate with 
operational and enterprise systems such as Advanced 
Distribution Management Systems (ADMS). One example of 
such a software platform is the Grid Edge Management 
System (GEMS) also offered by Sentient Energy as shown 
in [9]. 

The collective action of SVCs helps to control grid 
voltage and thereby unlocks a simple grid-edge VVO/CVR 
scheme that increases system efficiency; provides 
feeder level dynamic VAr control [9]; and supports the 
penetration of solar PV by tapping down the substation 
Load-Tap-Changer set-point or Feeder Head-Regulator(s).     

III. OAHU PILOT PROJECT RESULTS

A companion paper [10] shows details about the results of 
a pilot project that was conducted by Hawaiian Electric 
to validate the performance of SVC technology to 
mitigate voltage quality issues, which then could allow 
more private rooftop solar systems to be added to the 
Hawaiian Electric distribution grid. The project was 
conducted on the Keolu substation with two feeders, a peak 
load of 6.3 MW, existing PV of 4.8 MW (existing PV 
penetration of 77%). The two feeders are controlled by an 
LTC with a setting of 120V +/- 1V (R=6, X=6). 61 SVC 
devices provided a reduction in voltage fluctuation by 
4.1% on both the feeders combined. This allowed 
Hawaiian Electric to reduce the LTC voltage by 
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2.5V thereby allowing additional PV penetration due to upper 
voltage headroom created as a result of reduction in voltage 
volatility by SVCs. 

In order to understand the impact on PV hosting capacity 
improvements of this extra upper voltage headroom created by 
SVCs, a major effort was devoted towards performing Quasi-
Static Time Series (QSTS) analysis in OpenDSS. Another 
objective of this analysis was to understand the interplay 
between different types of solutions on the same system. 

IV. MODELING KEOLU SUBSTATION IN OPENDSS

A. Conversion

The first step was to create a Synergi-to-OpenDSS 
(SynDSS) converter that Sentient Energy developed 
using MATLABTM. The result of the conversion is shown in 
Fig. 3 validating the topological correctness of newly minted 
Keolu OpenDSS model.  

Figure 3.  Synergi model converted to OpenDSS model 

B. Validation

The next step is to validate the model that is converted to
OpenDSS from Synergi. Several parameters were monitored 
during the validation process including, power flow at the 
substation, voltage at the substation and the power flow as 
well as voltage at every individual node in the system.  Fig. 4 
shows that the conversion accuracy was as high as 99.7% for 
all service transformer primary voltages in the system.  

Phase A Phase B Phase C 

Figure 4.  Validation of the model conversion from Synergi model to 

OpenDSS model 

C. Secondary Conductors

As the Synergi model of the Keolu circuit does not include
the information on secondary conductors, a significant step of 
adding secondary conductors to the model was included to the 
modeling process. A simple method would be to use a single 
line that models a secondary conductor after the service 
transformer. However, this method does not capture the 
complexity inherent to secondary networks. In an effort to 
closely model the secondary networks, we developed a 
“binary branch model” (BBM) of the secondary that 

considered the number of customers connected to the 
transformer from Synergi, and the impedance of secondary 
conductor based on ampacity provided by Hawaiian Electric. 
Using some real secondary network designs, the model was 
tuned and a script was developed to add the BBM for every 
transformer in the model. As Keolu substation did not have 
AMI data to compare the voltage on secondary network, we 
developed an example model that compared an actual circuit 
with 12 customers connected to the secondary of a transformer 
with the BBM. The result of this comparative simulation (Fig. 
5) shows that the minimum and maximum load voltage for the
BBM is within 0.03% of the actual model.

Figure 5.  Comparison of Binary Branch Model with the actual model using 

OpenDSS simulation 

D. Load and PV Profiles

For running all the simulations, extreme load and PV
profiles were considered that captured all possible variations 
in the actual system. PV profile was captured from an 
irradiance sensor at the substation. The P and Q flows were 
recorded at the feeder heads.  

A non-linear regression technique was used for the 
extraction of native load as defined by equations (1) and (2). 
Please note that f(.) indicates a function of a specific 
independent variable; SIr is solar irradiance, T is temperature, 
H is humidity, Psub and Qsub are the real and reactive power 
flows at the substation, respectively.  

𝑃𝑠𝑢𝑏 = 𝑓(𝑄𝑠𝑢𝑏) + 𝑓(𝑆𝐼𝑟) + 𝑓(𝑇) + 𝑓(𝐻) (1) 

𝑃𝑛𝑎𝑡𝑖𝑣𝑒 = 𝑃𝑠𝑢𝑏 − 𝑓(𝑆𝐼𝑟) = 𝑓(𝑄𝑠𝑢𝑏) + 𝑓(𝑇) + 𝑓(𝐻) (2) 

Two different native load combinations with minimum and 
maximum loads were considered and combined with PV 
irradiance representing a sunny and a cloudy day to create a 
total of four different combinations of load and PV profiles 
(low load, high load, sunny, cloudy) as shown in Fig. 6.  

The native load was further staggered in time to create 10 
different native load profiles and +/-15% variance was added 
to each native load profile. Finally, these load profiles were 
randomly assigned to the loads on the two feeders. 31 loads 
were fed from data obtained from actual transformer monitors.  

The entire distribution feeder was divided into four regions 
and the base PV profile was divided into four profiles by 
randomizing the base profile with +/-25% variance to account 
for geographical effects of cloud variations.  



 

Figure 6.  Load and PV profiles considered for all simulation scenarios  

V. PV HOSTING OPTIMIZATION RESULTS 

To compute the maximum possible PV hosting capacity 
for Keolu substation and the settings that yielded this capacity, 
nearly 340 different QSTS simulations were run under 
different scenarios. These scenarios are explained below: 

• LegacyPV: All inverters are legacy Inverters 

• LegacyPV+SmartPV: Only New PV installations are 
smart inverters 

• Legacy2SmartPV: All legacy inverters are converted to 
smart inverters and all new installations are smart 
inverters 

• LegacyPV+SVC: Only SVCs present in the system with 
legacy inverters 

• LegacyPV+SmartPV+SVC: New PV installations are 
smart inverters and SVCs are added to the system 

For all these cases, the smart inverter settings were chosen 
to be that recommended in Hawaii Rule 14H. The settings of 
the LTC (center band and R, X) were optimized to achieve 
maximum possible PV hosting capacity for each penetration 
level.  

Time series plots of two cases showing light loaded sunny 
day and heavily loaded sunny day (154% PV penetration, 
LegacyPV+SmartPV+SVC) is shown in Fig. 7. This figure 
shows a fairly high voltage rise (5.3V) as compared to the 
maximum voltage drop of 3.6V across the secondary 
conductors. 

 
 

  

Figure 7.  Time series plot at all transformers and loads in the model. The 

bottom plot shows voltage drop/rise along the secondary conductor 

The results of all the optimization simulations are provided in 

Fig. 8. Key points to note are: 

• 514 Smart Inverters (no retrofits) alone provide 95% PV 
Hosting capacity  

• All Legacy PV retrofitted with Smart Inverters and all 
new PV installations being smart inverters (851 smart 
inverters) provide 100% PV Hosting capacity  

• 61 SVCs alone with legacy PV provide the 146% PV 
Hosting capacity  

• 61 SVCs and 514 Smart Inverters (no retrofits) provide 
154% PV Hosting capacity 

 

Figure 8.  PV Hosting capacity simulation results 

VI. RAMP RATE CONTROL (RRC) 

The issues associated with high ramp rate during evening 
time when solar generation reduces and load increases has 
been much discussed in literature [11]. A new concept of 
dynamically modifying the LTC settings to smoothen the 
ramp rate is proposed and tested in simulations. 

The concept is as follows: during early evening when the 
sunset starts and load increases on the system, increase the 
LTC set-point (akin to preheating/precooling buildings or 
water heaters/coolers). Then, progressively decrease LTC set-
point till the ramp naturally slows down. The LTC Set-Point is 
changed in such a manner that all customer voltages are still 
maintained between 114V – 126V. This type of Ramp Rate 
Control can be leveraged to achieve supply side “re-
distribution of load profile” without the need for customer 
participation as required in demand response.  

This concept of RRC was simulated in OpenDSS with 
SVCs in the system to manage voltage. As observed in Fig. 9, 
the orange line is the kW flow at the substation without RRC 
and corresponding violet line at the bottom is the LTC 
voltage. The blue line on the top plot is the kW flow at the 
substation with RRC implemented and the corresponding blue 
line on the bottom plot presents the LTC voltage being 
dynamically stepped down to manage the ramp rate. From this 
simulation, it is validated that the ramp rate can be reduced 
from 1.315 MW/hr to 1.173 MW/hr equal to 10.8% reduction.   
To put this number into perspective, for a 1 GW/hr ramp rate 
at a system level, this amounts to elimination of 108 MW/hr of 
peaker plants or spinning reserves. 

VII. DYNAMIC VOLTAGE CONTROL (DVC) OF LTC 

With dynamic coordinated control over the LTC, the need 
for optimizing settings as changes on the system are observed 
is eliminated. This was demonstrated through simulations for 
all the scenarios in Fig. 10. In all these simulations, the LTC 
was able to dynamically adjust its output voltage to manage 
feeder-wide voltages obtained as inputs from SVCs or AMI to 
be within the 114 – 126 V limit. 



Figure 9.  Simulation results showing implementation of DVC in the 

presence of SVCs to reduce ramp rate by 10.8% 

Using this approach, the LTC setting is adaptive to varying 
levels of PV penetration and naturally achieves maximum 
hosting capacity possible for the feeder. This way the time 
spent in optimizing settings of primary equipment (LTCs) by 
running PV hosting simulation studies can be drastically 
reduced. A saving of 1 week – 8 weeks per substation per year 
for one planning/operation engineer is estimated. 

VIII. OTHER INSIGHTS FROM SMART INVERTER AND ENGO

SIMULATIONS 

Several other insights were gained from these QSTS 
simulations that can help guide the deployment of SVC and 
Smart Inverter and help select LTC/SVC/inverter settings.  

A. Smart Inverter VArs

Reactive power provided by smart inverters is not
sufficient for mitigating all voltage problems. With 514 smart 
Inverters alone (no retrofits) in the system the  

• Max. absorbed kVAr: 35 kVAr

• Max. injected kVAr: 118 kVAr

B. Critical Mass of Smart Inverters

A critical mass of smart inverters is needed even at one
service transformer to provide sufficient level of Var support. 
For one 25 kVA transformer, 12 smart inverters (5 kW rating) 
are needed to provide 10 kVAr of support equal to 1 SVC. 

C. Volt-Watt Curve Settings

Even extremely aggressive Volt-Watt settings (with knee
at 122.2V) does not provide certainty that the voltage will be 
within tariff limits, however, curtailment under such scenarios 
can be fairly high for a few customers (up-to 15% curtailment) 

D. Energy Savings

DVC provides 2 – 4 times the energy savings benefits as
compared to LDC control for all scenarios. Further, the SVCs 
offers 39.2% additional energy savings benefits on top of what 
smart inverters offer (shown in Fig. 10). 

IX. CONCLUSIONS

This paper ventured into the interplay between smart 
inverters and SVCs, two technologies that show promise for 
utilities grappling with high PV penetration in their 
distribution networks. With 61 SVCs, 514 Smart Inverters, 

and optimized LTC settings, the PV hosting capacity of the 
system could be doubled (4.8 MWPV to 9.6 MWPV). Dynamic 
control of LTC showed promise to reduce PV induced ramp 
rates (duck curve effect) by 10.8%. Further, this dynamic 
control allows the LTC to achieve optimized settings 
autonomously without the need for extensive DER integration 
studies. Other insights of the study included the need for a 
critical mass of PV inverters on a system and a nodal level. It 
was also shown that the DVC control of the LTC can provide 
energy savings benefits in addition to PV hosting capacity 
improvements. In addition, SVCs could provide 39.2% more 
energy savings benefits than smart inverters.   

Figure 10.  Energy savings achieved with LDC control versus DVC control 
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