
The National Laboratory of the Rockies is a national 
laboratory of the U.S. Department of Energy,  
Office of Critical Minerals and Energy Innovation, 
operated under Contract No. DE-AC36-08GO28308. 

This report is available at no cost from the National Laboratory 
of the Rockies (NLR) at www.nlr.gov/publications. 

 

 

 

  

Technical Report 
NLR/TP-5400-98768 
April 2026 

Power Management Solution for 
Growing Loads at Airport Rental 
Facilities 

Jesse Bennett, Gustavo Campos, Mohammad Bani 
Shamseh, Robi Vercellino, Saroj Shinde, and Darren 
Paschedag 

National Laboratory of the Rockies 



The National Laboratory of the Rockies is a national 
laboratory of the U.S. Department of Energy,  
Office of Critical Minerals and Energy Innovation, 
operated under Contract No. DE-AC36-08GO28308. 

This report is available at no cost from the National Laboratory 
of the Rockies (NLR) at www.nlr.gov/publications. 

 

 

 

National Laboratory of the Rockies 
15013 Denver West Parkway 
Golden, CO 80401 
303-275-3000 • www.nlr.gov 

Technical Report 
NLR/TP-5400-98768 
April 2026 

Power Management Solution for 
Growing Loads at Airport Rental 
Facilities 

Jesse Bennett, Gustavo Campos, Mohammad Bani 
Shamseh, Robi Vercellino, Saroj Shinde, and Darren 
Paschedag 

National Laboratory of the Rockies  

Suggested Citation 
Bennett, Jesse, Gustavo Campos, Mohammad Bani Shamseh, Robi Vercellino, Saroj 
Shinde, and Darren Paschedag. 2026. Power Management Solution for Growing 
Loads at Airport Rental Facilities. Golden, CO: National Laboratory of the Rockies. 
NLR/TP-5400-98768. https://www.nlr.gov/docs/fy26osti/98768.pdf.  

https://www.nlr.gov/docs/fy26osti/98768.pdf


 

 

NOTICE 

This work was authored by the National Laboratory of the Rockies for the U.S. Department of Energy (DOE), 
operated under Contract No. DE-AC36-08GO28308. Funding provided by Department of Energy 
Transportation Technologies Office. The views expressed herein do not necessarily represent the views of 
the DOE or the U.S. Government. 

This report is available at no cost from the National 
Laboratory of the Rockies (NLR) at 
www.nlr.gov/publications. 

U.S. Department of Energy (DOE) reports produced 
after 1991 and a growing number of pre-1991 
documents are available  
free via www.OSTI.gov. 

Cover photo by Dennis Schroeder: NLR 54591 

The National Laboratory of the Rockies prints on paper that contains recycled content.

 
 
 
 
 
 
 

 

http://www.nrel.gov/publications
http://www.osti.gov/


iii 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

 

List of Acronyms 
BESS battery energy storage system 
CAN controller area network 
CHIL control hardware-in-the-loop 
DER distributed energy resources 
EDGES Enabling Distributed Generation Energy Storage 
EV electric vehicle 
EVSE electric vehicle supply equipment 
NLR National Laboratory of the Rockies 
OCPP Open Charge Point Protocol 
RCC rental car center 
RTDS Real-Time Digital Simulator 
SCM smart charge management 
SOC state of charge 
PHIL power hardware-in-the-loop 
PV photovoltaics 



iv 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

Executive Summary 
Airport operations are expanding, with growing electrical loads that could exceed local grid 
capacity limitations. Installing additional capacity to support this load growth can be costly and 
time-consuming. The Athena project has developed a load forecast model, Aeroportal, to predict 
the future grid capacity that would be needed for these new loads. These models also reveal the 
potential for on-site distributed energy resources (DER)—battery energy storage systems (BESS) 
and photovoltaics (PV)—and flexible load management to mitigate the need for these upgrades.  

This report outlines the development of multiple smart charge management (SCM) load 
management solutions—Gold and Platinum with and without DER—that coordinate flexible 
loads with DER assets to avoid exceeding grid capacity limitations. The Gold control is a purely 
heuristic-based control, while the Platinum control is a forecast-based optimization that requires 
detailed information regarding electric vehicle (EV) reservation schedules. Table ES-1 outlines 
the summary of results from the testing of each control with a few key conclusions: 

1. The Platinum-based control consistently outperforms the Gold control by improving 
delivered state-of-charge (SOC) metrics. 

2. Each control performs better when paired with DER, as both offer a significant reduction 
in capital investments compared to the uncontrolled capacity upgrade. 

3. The SCM results in some SOC performance compromise to support capacity limits, with 
the Platinum DER control nearly matching the uncontrolled scenario but at a lower cost.  

4. SOC performance compromises highlight the challenges with short dwell times that 
eliminate the option for some EVs to complete their charge session under any scenario.  

Table ES-1. SCM Performance Summary 

Scenario Capital 
Investment Capital Upgrades Average 

Start SOC 
Average 
Delivered SOC 

Sessions 
Complete 

Uncontrolled $4.2 million +1.6-MW capacity 35% 67% 92% 

SCM Gold, no DER   35% 59% 69% 

SCM Gold + DER $2.8 million BESS: 1 MW/4 h 
PV: 0.5 MW 35% 67% 90% 

SCM Platinum, no DER   35% 61% 87% 

SCM Platinum + DER $1.2 million BESS: 0.5 MW/1 h 
PV: 0.5 MW 35% 61% 92% 

 
These results were verified with a real-time emulation system to verify system performance. This 
real-time emulation stress test proves the technology could be easily adapted for field 
demonstrations with equipment available today. These findings present exciting opportunities for 
fleets to address peak demand challenges that may be increasing utility bills or delaying 
expanding operations. However, many opportunities still remain to refine these solutions and 
identify further improvements to support expanding electric loads without costly and time-
consuming upgrade projects. 
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Introduction 
As airports expand services and electrify their operations, their electric loads will continue to 
grow. This growth originates from efforts to electrify ground support vehicles, fixed-wing 
aircraft, and vehicles charging in passenger parking or at rental car facilities [1, 2, 3]. As these 
site loads grow, the costs to supply electricity across the airport will also increase. These costs 
may include increases in electricity expenses—through either higher demand charges or variable 
energy rate structures—or increases in infrastructure costs through site equipment and grid 
upgrades [4]. However, this growth in costs might be mitigated by leveraging any potential load 
flexibility or local energy assets. Through appropriately sized on-site power generation and 
energy storage, as well as the optimization of flexible charging loads with smart charge 
management (SCM), the Athena project has identified a series of solutions to support growing 
loads at airports while mitigating the risk of rising electricity costs and avoiding or postponing 
grid infrastructure upgrades [3, 4, 5]. This report summarizes the key technological 
developments from the Athena project with new tools and resources for airports, as well as the 
lab testing and emulation results that validate system performance to de-risk technology 
solutions prior to field demonstrations and deployments. 
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1 Airport Electrification Planning 
As airport operations evolve and electrification expands, it is important to forecast electrical 
loads across airport sectors and understand their potential impact. This section outlines the 
potential load growth at airport rental car centers (RCCs), possible impacts from increasing 
electrical demand from charging electric vehicles (EVs), and potential solutions to mitigate 
impacts and reduce costs.  

1.1 Growing Loads 
Among airport operation sectors, RCCs undergoing electrification with the adoption of EVs 
might result in outstanding electrical loads due to the volume of vehicles requiring charging upon 
return and the traditional rental car business model. For example, in 2024, Los Angeles 
International Airport saw approximately 189,000 rental transactions per month, or 6,000 per day 
[6]. Moreover, the rental car business model is dictated by minimum vehicle inventory, which 
results in a short turnaround time between a vehicle’s return and the next rental pickup, also 
defined as “dwell time” [7]. Anecdotal evidence suggests that 25% of vehicles have a dwell time 
at the RCC of 1 hour or less.  

Under these assumptions, and in advanced electrification scenarios, a significant fraction of the 
vehicles returned to the RCC would require charging using high-power DC electric vehicle 
supply equipment (EVSE) typically rated at 350 kW, which can charge an EV from 20% to 80% 
state of charge (SOC) in 30 minutes or less.  

Initial analysis assuming the use of 350-kW EVSE and 10% fleet electrification at Dallas Fort 
Worth International Airport—amounting to 367 rental drop-off events per day—estimated peak 
electrical loads as high as 5 MW, which could require electrical distribution upgrades amounting 
to $13.5 million [3]. 

1.2 Aeroportal Forecasts 
The Athena team developed the Aeroportal to enable airport stakeholders and partners to access 
results generated by the National Laboratory of the Rockies’s (NLR’s) high-fidelity optimization 
and simulation models within an online, accessible interface [8]. The Aeroportal can be used to 
estimate power requirements and cost across different airport transportation sectors, including 
RCCs, ground support equipment, transportation network companies, and parking. Users can 
interactively select scenario parameters such as expected vehicle demand volume, return and 
target SOC, and utility tariffs, and in turn estimate total cost, peak load, and grid stability. In 
addition to the grid-only (business-as-usual) scenario, the Aeroportal also reports solutions that 
include optimally sized battery energy storage systems (BESS), which considerably decrease 
costs and grid upgrade requirements and improve grid stability. The BESS solutions can be 
compared with the grid-only solutions to understand the savings produced by this technology 
under specific scenario assumptions, which can amount to millions of dollars and tens of 
megawatts in peak load reduction. However, further improvements to the battery storage solution 
might be obtained through SCM—leveraging temporally flexible loads—to increase savings and 
reduce investments in distributed energy resources (DER), which include BESS and solar 
photovoltaics (PV).  
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2 Load Management Solutions 
Load growth could increase demand charges, consume energy during peak pricing windows, and 
trigger site or grid equipment upgrades. However, coordination between DER assets, load 
monitoring, and management can support significant cost savings. The Athena team has 
developed tools to forecast load growth, site capacity limitations, utility rates, and EV charging 
operations to size DER solutions with load management potential. These resources are designed 
to help airports estimate system requirements and ensure new loads are supported by the 
appropriate solutions, minimizing costs and optimizing site operation.  

2.1 Scoping Generation and Storage Needs 
Athena used NLR’s Enabling Distributed Generation Energy Storage (EDGES) model to 
generate optimal BESS design solutions presented in the Aeroportal [9]. EDGES employs a bi-
level optimization approach, coupled with high-fidelity simulation and accurate financial 
modeling, to identify the DER configuration—BESS and PV—or required grid distribution 
upgrades that minimize the project’s life cycle costs [10]. While SCM strategies are not directly 
supported by EDGES (the load profile is provided as a fixed time series), DER solutions 
obtained with this tool were used to inform the initial configurations to be tested against the site 
controllers described in this work and within the emulation environment described in Section 
3.2.  

2.2 Leveraging Load Flexibility 
EV charging loads are based on several factors that are a function of the vehicle and EVSE 
hardware—for example, the battery pack temperature and maximum charge voltage and current. 
A large fleet of vehicles, if left unmanaged, could quickly exceed the site’s electrical capacity 
from the utility. The most common result of this high peak demand is an overloaded transformer 
or an overengineered utility connection that is more costly than necessary. 

Due to the nature of vehicle dwell time, rental fleets have some flexibility that can be leveraged 
by an SCM controller. For example, utilizing several EVSE with diverse power levels such as 
350 kW down to 20 kW allows the fleet to prioritize high-demand vehicles at the higher-power 
chargers while pushing the lower-demand vehicles to the lower-power chargers. Each vehicle 
will hit its target SOC by the time it is scheduled to depart, but not every vehicle needs to charge 
at the maximum rate. This allows for a more optimized load profile across the site that could 
mitigate costly bills or upgrades as a result of demand charges or overloaded equipment. 
Examples of the charging profiles used in this study are shown in Figure 1. Some examples 
include a GMC Hummer being charged by the 350-kW EVSE (collected as part of the Next-
Generation Profiles [NextGen Profiles] project [11]) and a Hyundai Ioniq 5 being charged by a 
25-kW EVSE. As expected, power draw of the Hummer is much higher and varies more than the 
Ioniq [11]. This is due in part to the power limitation of the 25-kW EVSE, so the Ioniq draws a 
constant power over a large span of the SOC range. In general, power profile curves like those 
shown in Figure 1 are a function of session-specific conditions like ambient temperature and 
battery initial SOC. They are also a function of hardware-specific parameters, like EV and EVSE 
model, and complex active control decisions made by the EV’s battery management system and 
EVSE. 
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Figure 1. Charge demand curve examples 

2.3 Site Optimization Solutions 
A critical component to coordinate EV charging load flexibility and site DER assets is the 
development of an SCM objective function. This SCM objective function must monitor all EV 
charging, building loads, and DER to optimize sitewide net demand. The SCM must leverage PV 
generation, charge or discharge the energy storage system, and manage EV charging power to 
maintain net demand within sitewide capacity limits to mitigate the need for costly upgrades. 
There are a few system requirements that must be supported to enable this SCM. Depending on 
the site’s capabilities, namely the presence of detailed fleet operation schedules, two control 
strategies are described in this report: “Gold” and “Platinum” controls.  

Figure 2. Sitewide net load overview 



5 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

2.3.1 Gold Control 
The Gold SCM uses a feedback control framework, making decisions solely based on 
information received from the hardware. Additionally, each piece of equipment is considered 
separately—a limitation usually associated with feedback or heuristic rules—as opposed to 
predictive control strategies, creating challenges for optimizing the whole-site performance. Each 
of the main parts of the control framework is described next. The main control subtasks are 
executed in the following order: 

• Track fleet and facility operations using MQTT messages: EVSE power and SOC, BESS 
power and SOC, and solar and building power. 

• EV-EVSE assignment: Identify incoming EVs and assign them to EVSE. 
• EVSE curtailment: Calculate EVSE power curtailment set points assuming BESS can be 

discharged at maximum power. 
• BESS dispatch: Calculate BESS power set point based on current measurements. 
• Update BESS and EVSE set points by sending MQTT messages. 

Figure 3 presents the major components of the Gold SCM framework, as well as all information 
transfers between them. 

 
Figure 3. Gold SCM controller diagram 
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EV-EVSE Assignment 
EVSE assignment is done using a heuristic rule based on the EV’s arrival SOC. If the EV SOC is 
greater than 40% at arrival, it is assigned to a 25-kW charger. Otherwise, if the SOC is lower 
than 40%, which typically entails a longer charging time, the EV is assigned to a high-power 
350-kW charger. This assignment is made in the context of RCCs, which have distinct areas for 
quick turnaround where fast charging is expected to be employed, and longer-term storage areas 
where slow charging will be more prevalent. 

EVSE Curtailment 
EVSE power curtailment is done using a proportional approach, which reduces the power of all 
EVSE currently operating in the same proportion. One key factor is that the Gold SCM standard 
does not assume knowledge of the EV’s charge acceptance curve, which makes it challenging to 
estimate the EV’s maximum power consumption. While an iterative control algorithm could be 
used to estimate the maximum power—for instance, by increasing the power set points slowly over 
time and identifying the point where it stops changing—it was deemed out of scope for this effort.  

First, a target power consumption variable, 𝑃𝑃𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡, is calculated as the maximum power the 

EVSE can assume at the current time step 𝑡𝑡, by assuming that the battery can be dispatched at 
full capacity before any EVSE curtailment occurs: 

𝑃𝑃𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐 − �𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑃𝑃𝑡𝑡

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚� 

where 𝑃𝑃𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡 is the target EVSE power (available power for all EVSE), 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐 is the grid 

power capacity (scalar value, not time-dependent), 𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 is the net load demand (building demand 
plus solar generation), and 𝑃𝑃𝑡𝑡

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚 is the BESS current maximum power, equal to its rated power 
capacity (1,000 kW in the experiment) if its SOC is above the lower bound, or zero otherwise. After 
calculating the available power for the EVSE, a curtailment factor 𝐶𝐶𝐹𝐹𝑡𝑡 can be calculated: 

𝐶𝐶𝐹𝐹𝑡𝑡 =
𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡  

where 𝐶𝐶𝐹𝐹𝑡𝑡 is the curtailment factor (unitless, between 0 and 1), and 𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚 is the sum of the 
rated power capacity values over all EVSE in the station (not time-dependent). Finally, the 
curtailment factor, 𝐶𝐶𝐹𝐹𝑡𝑡, is implemented individually to each EVSE and dictates its new power set 
point: 

𝑃𝑃𝑐𝑐,𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑆𝑆𝑆𝑆 = min�𝐶𝐶𝐹𝐹𝑡𝑡 𝑃𝑃𝑐𝑐

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚,𝑃𝑃𝑐𝑐
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚� 

where the index 𝑐𝑐 represents each EVSE or charger, 𝑃𝑃𝑐𝑐,𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑆𝑆𝑆𝑆 is the power set point for EVSE 𝑐𝑐 

at time 𝑡𝑡, and 𝑃𝑃𝑐𝑐
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum rated power of EVSE 𝑐𝑐. The minimum operator 

ensures that the power set point is capped at the rated power of the EVSE when there is an 
abundance of power available at the station. The true output power of each individual EVSE is 
finally calculated as: 

𝑃𝑃𝑐𝑐,𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = min�𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒(𝑆𝑆𝑒𝑒),𝑃𝑃𝑐𝑐,𝑡𝑡

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑆𝑆𝑆𝑆� 

where 𝑃𝑃𝑐𝑐,𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is the actual power output of EVSE 𝑐𝑐 at time 𝑡𝑡, and 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 is the charge acceptance 

curve of EV 𝑒𝑒 (connected to EVSE 𝑐𝑐). 
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BESS Dispatch 
The BESS dispatch adopts a traditional peak-shaving algorithm, which calculates the charge or 
discharge power based on the system’s net load and a predefined baseline threshold: 

𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐵𝐵𝐵𝐵 

where 𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the power dispatched by the BESS in kilowatts at the current time step 𝑡𝑡, 𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 is 
the system’s net load at the current time step (building demand plus EVSE demand plus solar 
generation), and 𝐵𝐵𝐵𝐵 is a discharging baseline parameter, typically set equal to the maximum 
power allowed to be consumed from the grid. Whenever the net load of the system is above the 
baseline, the BESS will dispatch exactly the amount of power to bring the grid power 
consumption to the baseline, enforcing it as a power ceiling. The net load is calculated as the 
power draw of the system accounting for on-site generation—for instance, taking the sum of 
building and EVSE consumption and solar generation. 

The equation above also assumes that the BESS will charge (negative value of 𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) whenever 
the net load is below the baseline, which might be a good strategy under certain scenarios. An 
alternative option is to implement a deadband in between the charging and discharging modes:  

𝐈𝐈𝐈𝐈 𝑁𝑁𝐿𝐿𝑡𝑡 ≥ 𝐵𝐵𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷 𝐎𝐎𝐎𝐎 𝑁𝑁𝐿𝐿𝑡𝑡 ≤ 𝐵𝐵𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 ,𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑁𝑁𝐿𝐿𝑡𝑡 − 𝐵𝐵𝐵𝐵 

𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0 

which uses two baseline parameters, one for discharging 𝐵𝐵𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷 and one for charging 𝐵𝐵𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶, and 
sets the battery power equal to zero if the net load is between the two baselines. This last option 
was implemented for the emulation experiments, ensuring that the BESS only charges when the 
site load is low, or when there is excess solar generation.  

2.3.2 Platinum Control 
The Platinum SCM control leverages a predictive control framework, using forecasts of future 
information to take preventive actions and optimize the system’s operation. Expanding on the 
Gold SCM capabilities with predictive optimizations requires significantly more details regarding 
EV operations. These details include an accurate (in this case perfect) forecast of when each of the 
vehicles will be dropped off at the RCC after a rental, their return SOC, and their expected dwell 
time before the next rental pickup. In addition to fleet operations, this strategy assumes an 
accurate forecast of facility loads and PV generation. Using this information, the controller will 
calculate the EVSE set points and net grid demand target in advance. These set points will then be 
communicated in real time by the SCM to the EVSE, and will also be used with real-time load 
measurements to calculate the BESS dispatch set points in a feedback fashion. 

EV-EVSE Assignment 
In the Platinum SCM, the EVSE assignment is made by forecasting the vehicle’s dwell time at 
arrival, or equivalently its departure time. If the dwell time is long enough to charge with a 25-
kW charger, the EV is assigned to it; otherwise it gets assigned to a 350-kW charger to speed up 
the charge. In case there is a waiting queue for the 350-kW chargers (25-kW chargers do not 
have a queue), the SCM will sort the available EVSE by lowest queue and then highest vehicle 
SOC. 



8 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

EVSE and BESS Dispatch 
The EVSE curtailment and BESS dispatch are achieved by a combination of predictive 
(feedforward) control and real-time implementation (feedback control). The predictive control uses 
accurate forecasts within a mixed-integer linear programming optimization problem to calculate 
the optimal EVSE power set points and target net grid demand required for all vehicles to reach 
their target SOC before their next rental and to minimize violations of the distribution grid 
capacity. The EVSE set points are referenced in real time, while the target net demand from the 
grid—also an output of the optimization—is used to update the baseline peak shaving threshold of 
the BESS, 𝐵𝐵𝐵𝐵. Then, after measuring the current net load 𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛, the BESS will be dispatched to 
absorb any error from 𝐵𝐵𝐵𝐵. The power dispatched from the BESS, 𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, is calculated as: 

𝑃𝑃𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑃𝑃𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐵𝐵𝐵𝐵 

Optimization Formulation 
Following is a description of the mixed-integer linear programming formulation used for 
calculating the EVSE and target grid demand set points in the Platinum SCM. First, the indexed 
sets defining the problem are: 

Set Value Description 
𝑇𝑇 𝑡𝑡 = 1, 2, … , 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Time index for the optimization horizon 
𝐸𝐸𝐸𝐸𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖 = 1, 2, … ,𝑁𝑁𝐸𝐸𝐸𝐸,𝑙𝑙𝑙𝑙𝑙𝑙 Vehicles assigned to charge on low-power 

chargers 
𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ 𝑗𝑗 = 1, 2, … ,𝑁𝑁𝐸𝐸𝐸𝐸,ℎ𝑖𝑖𝑖𝑖ℎ Vehicles assigned to charge on high-power 

chargers 

The decision variables defining the problem are: 

Variable Set Description 
𝑃𝑃𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) ≥ 0, for 𝑖𝑖 ∈ 𝐸𝐸𝐸𝐸𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙, for 𝑡𝑡 ∈ 𝑇𝑇 Power delivered to each of the vehicles on 

low-power chargers at each time stamp 
𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖

𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) [0, 1], for 𝑖𝑖 ∈ 𝐸𝐸𝐸𝐸𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙, for 𝑡𝑡 ∈ 𝑇𝑇 SOC of each of the vehicles on low-power 
chargers at each time stamp 

𝑃𝑃𝑒𝑒𝑣𝑣𝑖𝑖
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) ≥ 0, for 𝑖𝑖 ∈ 𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ, for 𝑡𝑡 ∈ 𝑇𝑇 Power delivered to each of the vehicles on 

high-power chargers at each time stamp 

𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) [0, 1], for 𝑖𝑖 ∈ 𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ, for 𝑡𝑡 ∈ 𝑇𝑇 SOC of each of the vehicles on high-power 

chargers at each time stamp 

𝑦𝑦𝑒𝑒𝑣𝑣𝑖𝑖
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) ∈ {0, 1}, for 𝑖𝑖 ∈ 𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ, for 𝑡𝑡 ∈ 𝑇𝑇 Binary variable determining which vehicles on 

high-power chargers are being charged 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑖𝑖𝑖𝑖(𝑡𝑡) ≥ 0, for 𝑡𝑡 ∈ 𝑇𝑇 Power charging the battery at each time 

stamp 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) ≥ 0, for 𝑡𝑡 ∈ 𝑇𝑇 Power being discharged by the battery at 

each time stamp 
𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡)  for 𝑡𝑡 ∈ 𝑇𝑇 Energy stored in the battery at each time 

stamp 
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛,+(𝑡𝑡) ≥ 0, for 𝑡𝑡 ∈ 𝑇𝑇 Variable tracking the positive portion of the 

net grid demand  
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) ≥ 0, for 𝑡𝑡 ∈ 𝑇𝑇 Portion of the current load that is curtailed or 

unmet because it is above the grid distribution 
capacity ceiling 
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The objective function is a weighted sum of expressions that minimize the SOC deficit of the 
vehicles, on both low- and high-power chargers, and the amount of energy curtailed. The 
objective also contains a small penalty on discharging the battery:  

minimize: 
𝑤𝑤𝐸𝐸𝐸𝐸,𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 � 𝐶𝐶𝑖𝑖 �𝑆𝑆𝑆𝑆𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −  𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖

𝑙𝑙𝑙𝑙𝑙𝑙�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓��
𝑖𝑖∈𝐸𝐸𝐸𝐸𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙

+ 

𝑤𝑤𝐸𝐸𝐸𝐸,ℎ𝑖𝑖𝑖𝑖ℎ,𝑖𝑖  �  𝐶𝐶𝑗𝑗 �𝑆𝑆𝑆𝑆𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −  𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓��

𝑗𝑗∈𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ

+ 

𝑤𝑤𝑃𝑃�𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) 𝛥𝛥𝛥𝛥
𝑡𝑡

+ 

𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) 𝛥𝛥𝛥𝛥
𝑡𝑡

 

where 𝐶𝐶𝑖𝑖 and 𝐶𝐶𝑗𝑗 represent the battery capacities of each vehicle, 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the time step and the 
end of the prediction horizon, and 𝛥𝛥𝛥𝛥 is the time step duration. Several constraints represent the 
station’s operation through time. First, the final SOC of each vehicle is constrained to 𝑆𝑆𝑆𝑆𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 
to enforce zero as the lower bound on the first two lines in the objective function: 

𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� ≤ 𝑆𝑆𝑆𝑆𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� ≤ 𝑆𝑆𝑆𝑆𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

The following constraints define the SOC dynamics for each vehicle: 

𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡 + 1)  =  𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑖𝑖

𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡)  +
𝑃𝑃𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) 𝜂𝜂 𝛥𝛥𝛥𝛥

𝐶𝐶𝑖𝑖
 

 𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡 + 1)  =  𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑗𝑗

ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡)  +
𝑃𝑃𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) 𝜂𝜂 𝛥𝛥𝛥𝛥

𝐶𝐶𝑗𝑗
 

Where 𝜂𝜂 is energy transfer efficiency between the EVSE and the vehicle’s battery. The following 
constraints limit the power delivered to each vehicle charging on low-power EVSE: 

0 ≤ 𝑃𝑃𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) ≤ 𝑃𝑃𝑒𝑒𝑒𝑒

𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 

where 𝑃𝑃𝑒𝑒𝑒𝑒
𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 is a constant value representing the low-power EVSE rating. Conversely, the 

power transfer from high-power EVSE is constrained by the vehicle’s charge acceptance profile, 
which is defined by a linear fit (𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓, 𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓) so that: 

𝑃𝑃𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) ≤ 𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓 𝑆𝑆𝑆𝑆𝐶𝐶𝑒𝑒𝑣𝑣𝑗𝑗

ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) + 𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓 
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Additionally, we limit the number of high-power EVSE that can be used at once using the 
following constraints, which feature the binary variables 𝑦𝑦𝑒𝑒𝑣𝑣𝑗𝑗

ℎ𝑖𝑖𝑖𝑖ℎ: 

0 ≤ 𝑃𝑃𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) ≤ 𝑦𝑦𝑒𝑒𝑣𝑣𝑗𝑗

ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡) Pmax,high  

� 𝑦𝑦𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡)

𝑗𝑗∈𝐸𝐸𝐸𝐸𝑠𝑠ℎ𝑖𝑖𝑖𝑖ℎ

≤ 𝑁𝑁ℎ𝑖𝑖𝑖𝑖ℎ 

The first constraint limits the power delivered by each EVSE to 0 when that is not in use, and to 
Pmax,high otherwise—the high-power EVSE rating. The second constraint limits the amount of 
EVs that can be charged at once as a function of high-power EVSE number, 𝑁𝑁ℎ𝑖𝑖𝑖𝑖ℎ. Finally, to 
represent more realistic operation, we need to enforce each EV experiencing only one charging 
session. From an operational perspective, it would likely be unrealistic that shared EVSE would 
be plugged and unplugged repeatedly onto the same vehicles. This is defined by the following 
constraint: 

��𝑦𝑦𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡)− 𝑦𝑦𝑒𝑒𝑣𝑣𝑗𝑗

ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡 − 1)�
𝑡𝑡

≤ 1 

The BESS dynamics and energy capacity bounds are enforced by the following constraints: 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 + 1) = 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) − 𝛥𝛥𝛥𝛥 �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) − 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑖𝑖𝑖𝑖(𝑡𝑡)� 
𝑆𝑆𝑆𝑆𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) ≤ 𝑆𝑆𝑆𝑆𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 

where 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 is the total BESS capacity, and 𝑆𝑆𝑆𝑆𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚   and 𝑆𝑆𝑆𝑆𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 are respectively 
the minimum and maximum bounds on the BESS SOC. Conversely, the following expression 
defines net power transferred from the grid to the RCC: 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛(𝑡𝑡) = �𝑃𝑃𝑒𝑒𝑣𝑣𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡)

𝑖𝑖

+ �𝑃𝑃𝑒𝑒𝑣𝑣𝑗𝑗
ℎ𝑖𝑖𝑖𝑖ℎ(𝑡𝑡)

𝑗𝑗

+ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) − �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) − 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑖𝑖𝑖𝑖(𝑡𝑡)� 

where 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the net background load—the sum of facility and PV generation. Finally, these 
last two constraints are used to define the power curtailed due to exceeding the distribution 
ceiling. The first constraint tracks the positive portion of the net grid demand, whereas the 
second defines 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 as any portion of the net positive demand above the capacity ceiling 
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚: 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛,+(𝑡𝑡) ≥ 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛(𝑡𝑡) 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) ≥ 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛,+(𝑡𝑡) − 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚 

Figure 4 is a diagram representing the main components of the Platinum SCM, as well as the 
flow of information between them. 
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Figure 4. Platinum SCM controller diagram 
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3 Hardware Characterization 
A critical step in developing both SCM control capabilities and sitewide emulation abilities is 
testing to characterize hardware performance. This will identify the hardware limitations in 
response to SCM controls and help develop a physics model to emulate systemwide operations. 
This effort characterized lower-power DC fast chargers in the 20- to 30-kW range (see Table 1) 
to augment the 350-kW DC fast chargers characterized as part of the NextGen Profiles project 
that were used in this effort [12]. The following hardware testing results informed both the 
development of SCM objective functions and transfer functions for control hardware-in-the-loop 
(CHIL) emulations of hundreds of EV chargers and DER assets.  

Table 1. Low-Power DC EVSE Specifications 

Manufacturer Model Input Output Connector 

ABB Terra DC Wallbox 480 VAC, 60 Hz, 3j, 32 A 150–920 VDC, 22.5 kW CCS-1 

Bosch EV3000 480 VAC, 60 Hz, 3j, 40 A 150–950 VDC, 30 kW CCS-1 

Delta DC Wallbox 480 VAC, 60 Hz, 3j, 32 A 50–500 VDC, 25 kW CCS-1 

3.1 Testing Methodology 
The goals of EVSE testing for this project were to understand hardware performance in nominal 
and off-nominal situations, understand what the limits are when scheduling charging, and create 
transfer functions of the EVSE charging several EVs. The approach to EVSE characterization is 
like that used in the NextGen Profiles project to test 350-kW DC fast chargers so that results 
produced by both projects are comparable [11]. This work focused on comparatively low-power 
DC fast chargers in the 20- to 30-kW range. The tests performed fall into one of two categories: 
EVSE characterization or vehicle characterization. 

3.1.1 EVSE Characterization 
EVSE characterization tests are explained in detail in Appendix A and include EVSE Nominal 
Power Transfer, EVSE High-Utilization Characterization, and Off-Nominal Grid Input. These 
tests utilize NLR’s charge control box hardware to emulate the vehicle interface and allow for 
more custom charge sessions to be requested of the EVSE than would be possible with an EV. 
These results inform the development of CHIL physics models to ensure each CHIL device can 
individually emulate a charge session as influenced by the conditions addressed in these 
characterization tests.  

3.1.2 Vehicle Characterization 
The vehicle characterization tests are meant to collect transfer functions that include specific 
EVSE hardware and EVs for use in the CHIL test environment in addition to vehicle response to 
Open Charge Point Protocol (OCPP) power curtailment requests. Table 2 lists the vehicles used 
for characterization, while the test specifications used can be found in Appendix A. 
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Table 2. Test Vehicle Specifications 

Manufacturer Model Max. Voltage Max. Capacity Max. Power 

Ford Mustang Mach-E 400 V 91 kWh 150 kW 

Hyundai Ioniq 5 800 V 77.4 kWh 240 kW 

3.1.3 Data Requirements 
A large amount of data recording is necessary for these tests, from vehicle and EVSE input and 
output electrical and thermal readings to communications data. Appendix A.6 lists all the data 
required for vehicle and EVSE tests in detail. 

3.2 Test Bed Setup 
The test bed, as outlined in Figure 5, incorporated several key components, including an EV, 
EVSE, and measurement tools such as the DL950, WT1806 power analyzer, CCS listener, and 
CANalzyer. 

Our measurements included monitoring the input power of the EVSE to assess AC power 
quality. Additionally, some EVSE enabled us to measure their output signals, such as DC voltage 
and current. We also conducted temperature measurements to analyze the behavior of the EVSE 
during the charging session.  

During the EV testing, we utilized the on-board diagnostics (OBD) port to measure and read the 
controller area network (CAN) communication between the EV and EVSE. Furthermore, we 
employed the CCS listener to capture and analyze the communication signals, allowing us to 
gain deeper insights into the interaction between the two systems.  

 
Figure 5. Test bed overview 

EV EVSE 
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communication  

 

Power  
supply 

EVSE 
input/output  
measurement 
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3.3 Results and Transfer Functions 
The output of the lab testing effort described above informs the CHIL test by providing EVSE 
and vehicle models based on real-world data. This real-world testing data will define physics 
models to represent individual EVSE performance in CHIL devices. Hundreds of these CHIL 
devices will emulate the charging power of hundreds of EVSE. Although the power transfer 
from charging will be emulated, each CHIL device will respond to industry standard control 
signals sent from the SCM. This setup will enable CHIL testing to verify SCM performance at 
scale and provide a much closer estimate of the actual net power demands of the entire site. This 
CHIL environment serves as a stress test for the SCM technology and provides results that will 
closely reflect the control capabilities for transition to field demonstrations and implementation. 

3.3.1 EVSE Characterization 
Characterization of each EVSE listed in Table 1 was performed using the requirements described 
in Appendix A. The results included in this section are meant to illustrate the type of results that 
were collected but do not include results for every test.  

Figure 6 shows results from a 400-VDC nominal power transfer test of the ABB EVSE at 
ambient temperature (23°C). For this test, the voltage is held constant, while prescribed steps in 
output current are made that cover as much of the operating area at that voltage level as possible. 
Use of a vehicle emulator is required for this test, as it requires precise load voltage and current 
control. The system is allowed to come to steady state for a period of time before the next step is 
made to gather data at each operating point. This test is then repeated for other voltages within 
the EVSE’s operating range. This test allows for mapping of metrics like power efficiency over 
the entire operating range of the EVSE. 

 
Figure 6. Nominal power transfer data sample 
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At low power output, the minimum EVSE efficiency is around 80%, it peaks around 97% at 
8 kW of output power, and then it settles to 90% for the remainder of the operating range. From 
10 kW to the peak output power at 400 VDC, the efficiency holds steady. So, for most of the 
charging cycle, the EVSE operates at 90% efficiency due to loads remaining relatively high over 
the majority of the charging cycle, as shown later. These tests inform how much power is lost in 
the EVSE itself, whereas the vehicle tests below provide the power lost in both the vehicle and 
EVSE during a charge session. 

Figure 7 plots the results of a high-utilization characterization test with the Delta EVSE 
hardware. This test involves drawing maximum power for a period of time using a vehicle 
emulator and then resting for a short time; this is repeated twice afterward. This high-power 
pulse stresses the system, and the short rests mean the system temperatures are not allowed to 
come back to ambient. 

 
Figure 7. High-utilization test data 

3.3.2 Vehicle Characterization 
Vehicle characterization tests were performed on all combinations of vehicles and EVSE listed 
in Table 1 and Table 2, respectively. The vehicle was soaked in both cold and ambient (23°C) 
temperatures before testing to create a cold version of the transfer functions. Cold tests were 
done using the outside environment, so test time was limited to winter, and outside temperature 
varied. Specifications for the vehicle tests can be found in Appendix A. Figure 8 shows some of 
the test data for the cold-weather Hyundai Ioniq 5 and Bosch charger test. 
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Figure 8. Hyundai and Bosch test data 

In this test there is a notch in the output power, which in this case represents the power going 
into the battery, so the delta between input and output power is wider in the early stages of the 
charging sequence versus the rest of the sequence. This is due to the battery heater running to 
bring the battery up into operating range. For this test the vehicle was soaked in cold weather 
overnight without preconditioning the battery before plugging it in.  

The minimum current test is meant to determine the minimum charge current that the EVSE can 
provide and the vehicle will accept. This information can then be used by the SCM system so 
that it knows how much it can curtail a charge before the vehicle charging session needs to be 
manually reinitiated. Figure 9 shows the current command sent to the EVSE via OCPP for the 
Bosch charger and Hyundai Ioniq at ambient temperatures.  
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Figure 9. Minimum current command for Bosch and Hyundai 

The current command is brought down after the charging session is initialized until the command 
is no longer accepted. In the case shown in this section, the system will only accept whole-
number current commands and will assume anything less than 1 A is a command of 1 A. The 
system held that 1-A command for more than an hour, so this is the minimum current capability 
for this combination.  

3.3.3 Charging Transfer Function Generation 
A transfer function representation of each EVSE and vehicle combination is required for 
accurate testing in the CHIL environment. The relationship between vehicle SOC and AC power 
drawn by the EVSE was found using the vehicle characterization tests outlined above, and the 
results are shown in Figure 10. 

The process of creating the transfer functions involved a multistep process: 

1. Remove any outlying SOC data from the vehicle’s CAN data. 
2. Clean up signal noise in the AC power readings. 
3. Generate a charge demand lookup table relating SOC to load in kilowatts. 
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Figure 10. Hyundai Ioniq 5 and Bosch charge curve 

The example shown above is a good representation of what was observed throughout low-power 
DC vehicle characterization. Relatively constant power around the EVSE’s maximum is drawn 
for most of the SOC range until you get above 90%, where the rate will start to slow down as the 
vehicle battery approaches full charge. This is due to the relatively low power in comparison to 
the vehicle’s optimal charging power.  

This effort captures the effect that the vehicle’s battery management system has on the charging 
load, like the small drop in charging rate after the 90% SOC point that occurs in every Hyundai 
Ioniq characterization test that was performed, in addition to the charging ramp-down rate. The 
charge acceptance curve generated in this section is then implemented in the CHIL to model the 
power draw of all the EVSE and vehicle combinations. 
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4 Simulating Control Capabilities 
Expanding electrification with flexible charging loads and installing on-site DER for energy 
generation and storage presents an opportunity for load management systems to optimize site 
operations to reduce energy and infrastructure costs. This optimization is possible with 
communication and control systems that monitor and coordinate DER assets and flexible 
charging loads with grid and site operations. The complex nature of these objective functions 
requires a simulation environment to rapidly test and troubleshoot control capabilities prior to lab 
demonstrations and field deployments. The following simulation results highlight the capabilities 
of each control to support site planning and cost-benefit analysis.  

4.1 Simulation Results 
The site controllers presented in Section 2.3 were developed and tested within a simulation 
environment that resembled the experimental test bed, except that all objects and interactions 
were simulated. We performed sensitivity studies simulating operation under each of the 
controllers. Throughout these simulations, we varied the design of the DER—battery storage and 
solar PV—and evaluated the controllers’ performance against a baseline. In addition to 
quantifying the performance of the controllers, we used the results of these tests to identify 
appropriate DER configurations, which were used in the CHIL emulations presented in Section 
5. The DER configurations selected for the CHIL tests provide a reasonable balance between the 
two objectives to satisfy EV charging needs and mitigate electrical upgrades. While the 
controllers were tested assuming different DER configurations, other case study parameters were 
consistent across simulations to provide an opportunity for direct comparison: 

• The normalized solar PV generation was fixed. Varying the amount of PV installed 
changed the amount of energy produced but not the normalized power profile. 

• The EV charging sessions (i.e., trips) were also fixed. Each session represents a vehicle 
being dropped off at the RCC and is defined by vehicle type, which in turn dictates 
charge acceptance profile and battery capacity, arrival time, drop-off SOC, and vehicle 
dwell time. The simulation included 750 charge sessions in a 24-hour span.  

• The SOC at which vehicles are given to customers—also referred to as target or pickup 
SOC—was fixed at 80%. 

• The number of charging ports by type was also kept constant across scenarios: 277 EVSE 
at 25 kW and 21 EVSE at 350 kW of charging capacity each. These numbers were 
selected because in an ideal scenario—where all vehicles’ charging requirements and 
dwell times are known in advance—they represent the minimum infrastructure required 
for no queueing at the EVSE. 

• The facility load profile was provided by Dallas Fort Worth International Airport and 
reflects what was measured by the utility meter at the RCC. 

• The grid capacity ceiling, which is the maximum power that can be drawn at the utility 
feeder, was limited to 2 MW, reflecting anecdotal information about the airport’s RCC. 

Figure 11 shows the distributions of two fundamental assumptions that constraint the controllers’ 
performance: the drop-off SOC at which the vehicles are returned from customers to the RCC, 
and the vehicles’ dwell time, which is the span of time vehicles can spend charging at the RCC 
between rental events. 
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Figure 11. Distributions of vehicle drop-off SOC (left) and dwell time at the RCC (right) 

Table 3 presents a high-level comparison between selected simulations scenarios, highlighting 
trade-offs among the SCM strategies, their performance—measured through peak load and 
customer impact—infrastructure, and DER design and cost. The parameters used for the cost 
calculations were $350/kW and $400/kWh for the BESS and $1,600/kW for the PV system. Grid 
distribution upgrades were calculated as a function of the portion of the peak load exceeding the 
available capacity and a $2,698/kW cost factor [3]. 

Table 3. Performance Comparison 

a The required distribution upgrade is calculated based on a sustained load exceeding the 
available 2-MW capacity. 

The following subsections explore each of the scenarios and how they compare to each other in 
more detail. 

4.1.1 Uncontrolled Case 
This is the simplest case from a controller and site design perspective, and is treated as a baseline 
against which to compare the more sophisticated site controllers. In this case, the only control 
decision is made by the RCC operators based on the vehicles’ return SOC: If the SOC is more 
than or equal to 40%, then the vehicle is assigned a 25-kW EVSE. Otherwise, a 350-kW EVSE is 

Application BESS 
Design 

PV 
Design 

Peak 
Load 

Incomplete 
Sessions 
(Pickup 
SOC <80%) 

Avg. SOC 
Deficit 
(Incomplete 
Sessions) 

DER Total 
Cost 
(million $) 

Grid 
Upgrade 
(million $) 

Uncontrolled - - 3.6 MW 8% 13% 0.0 4.2 a 

SCM Gold, no 
DER - - 2 MW 31% 21% 0.0 0.0 

SCM Gold + 
DER 

1 MW/ 
4 h  

0.5 
MW 2.2 MW 10% 13% 2.8 0.0 

SCM Platinum, 
no DER - - 2.1 MW 13% 19% 0.0 0.0 

SCM Platinum 
+ DER 

0.5 MW/ 
1 h  

0.5 
MW 2 MW 8% 19% 1.2 0.0 
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used. Once the vehicle is charging, its charge acceptance curve (CAC) dictates the power 
transferred to charge the battery; no dynamic EVSE power set point setting is performed, nor is 
any DER deployed. The time series from this scenario of main outputs—facility loads, net power 
demand from the grid, and grid capacity limit—are presented in Figure 12, while the aggregated 
results are in Table 4.  

In this case, around 8% of charging sessions are not completed, meaning 8% of the 750 vehicles 
do not reach 80% by their next rental pick, and the average SOC deficit is 13%. This deficit is 
due to both the EVSE assignment (certain EVs might be returned with SOC higher that 40% but 
have a very short dwell time) and the combination of a short dwell time and high energy 
requirement (certain sessions simply cannot be completed, even on a 350-kW EVSE). In addition 
to these limitations, a significant portion of the load exceeds the grid capacity ceiling, with the 
simulation net peak load amounting to 3.6 MW. To accommodate the peak load above the 
current ceiling, on-site distribution upgrades totaling more than $4.2 million might be required. 

 
Figure 12. Uncontrolled simulation results 

 

Table 4. Uncontrolled Simulation Results 

4.1.2 SCM Gold, No DER 
The first case featuring an SCM strategy uses the Gold controller, which is described in detail in 
Section 2.3.1, but no BESS or solar PV. Similarly to the uncontrolled case, vehicles returned are 
still assigned EVSE rating based on arrival SOC. 

However, contrary to uncontrolled case, here the EVSE set points are adjusted in real time, such 
that the total load (facility plus EV) sits below the grid ceiling. Results from the simulation are 
presented in Figure 13, while aggregated results are in Table 5. In this case, the peak load is 

Application BESS 
Design 

PV 
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Avg. SOC 
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Sessions) 

DER Total 
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Grid 
Upgrade 
Cost 
(million $) 

Uncontrolled - - 3.6 MW 8% 13% 0.0 4.2 
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consistently below the 2-MW grid ceiling, which would avoid any grid distribution infrastructure 
upgrades. However, this comes at the cost of significant impact to customer experience: 31% of 
charging sessions do not reach completion, and the average SOC deficit is 21%. In other words, 
if the vehicles should be delivered to customers with 80% SOC, they are instead delivered with 
59%, on average. 

 
Figure 13. Gold simulation results 

 

Table 5. Gold Simulation Results 

4.1.3 SCM Gold + DER 
Here, the Gold SCM from the previous subsection was paired with a 1-MW/4-hour BESS and 
0.5 MW of on-site PV generation. Figure 14 shows how the addition of DER enabled the site 
controller to provide significantly more power to the EVSE, while the BESS almost entirely 
avoided exceeding the distribution ceiling through peak shaving. The oscillations in net power 
demand are due to the delay between the measurement of the current EVSE set points and the 
update and implementation of the next dispatch points through the feedback controller, hence the 
need for a “buffer” region, here set above 1,750 kW. Shown in Table 6, this SCM strategy and 
DER configuration resulted in 10% of charging sessions interrupted with an average 13% SOC 
deficit, which is comparable to the baseline scenario, and also in a peak load of 2.2 MW, which 
would likely avoid infrastructure upgrades. Investing in the Gold SCM and this DER 
configuration could reduce overall infrastructure cost by $1.4 million (33%) compared with the 
baseline. 
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SCM Gold, no 
DER - - 2 MW 31% 21% 0.0 0.0 
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Figure 14. Gold and DER simulation results 

 

Table 6. Gold and DER Simulation Results 

4.1.4 SCM Platinum, No DER 
In this subsection we introduce simulation results using the Platinum SCM strategy, with no 
battery storage or PV generation. As described in Section 2.3.2, this SCM assumes a 
sophisticated fleet management system, including accurate (perfect in this case) forecasts of 
vehicle drop-off time, drop-off SOC, and dwell time, as well as the ability to accurately forecast 
the facility load and PV generation. The EVSE assignment is performed based on whether the 
vehicle’s energy requirements can be provided within its dwell time using a 25-kW EVSE, or 
whether a 350-kW EVSE is required. Then, a mathematical optimization problem is solved to 
calculate EVSE and the battery dispatch set points that result in the least customer impact while 
maintaining power consumption below the grid ceiling. These precalculated set points are 
referenced by the SCM in real time. While resulting in a slightly higher peak load—though not 
likely requiring any distribution infrastructure upgrades—this strategy significantly 
outperformed the Gold SCM with no DER. Using the Platinum SCM with no DER resulted in 
13% of sessions compromised, with an average SOC deficit of 19%. This is compared to 31% 
and 21% average, respectively, from the Gold SCM with no DER. These results are summarized 
in Figure 15 and Table 7. 
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SCM Gold + 
DER 1 MW/4 h  0.5 MW 2.2 

MW 10% 13% 2.8 0.0 
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Figure 15. Platinum simulation results 

 

Table 7. Platinum Simulation Results 

4.1.5 SCM Platinum + DER 
The final configuration examined in this report featured Platinum SCM coupled with 0.5-MW/1-
h BESS and 0.5 MW of PV generation. The addition of DER slightly improved on the previous 
scenario (Platinum SCM with no DER) with the percentage of compromised sessions dropping 
from 13% to 8%, but still presenting an average 19% SOC deficit. Comparing this configuration 
to the Gold SCM with DER in Section 4.1.3, which resulted in a higher 10% of sessions 
compromised but with a smaller 13% in SOC deficit, we can conclude both configurations 
performed well while maintaining the overall peak around 2 MW, avoiding the need for any 
infrastructure upgrades. However, the advantage of the Platinum SCM came from achieving 
comparable performance while requiring a notably smaller BESS design: 0.5 MW/1 h versus the 
1 MW/4 h of the Gold SCM. Assuming BESS costs scale at the rates of $350/kW and 
$400/kWh, this would amount to $1.6 million in DER infrastructure savings (71%) compared 
with the Gold SCM case, and $3 million in overall infrastructure savings compared with the 
baseline (57%). These savings do, however, come at the cost of requiring a much more 
sophisticated controller, accurate fleet management, and facility and solar generation forecasts, 
which would likely be expensive to acquire in their own rights. The results from this scenario are 
summarized in Figure 16 and Table 8.  
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Figure 16. Platinum and DER simulation results 

 

Table 8. Platinum and DER Simulation Results 
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5 Validating System Performance 
The simulation results highlight the capabilities of the control objective function. However, 
before a system can be deployed, it is critical that software performance operates cohesively with 
real-world hardware. In order to stress test the Gold and Platinum management solutions 
identified above, the team developed a CHIL/power hardware-in-the-loop (PHIL) test bed to 
perform real-time control and optimization tests with detailed physics models to represent real-
world hardware responses, operating alongside actual EVSE hardware. This emulation/test 
environment serves as a stress test for the SCM, with full-system control and communication 
requirements mirroring those of a field demonstration and site deployment. While the controls 
must manage two EVSE in the lab, hundreds of additional CHIL devices scale up the 
management and communication requirements to verify at-scale performance. These CHIL end 
node devices representing individual assets—including DER and EVSE—receive the same 
control signals as the EVSE and emulate the true physics response as characterized in testing to 
enable full-scale testing. This setup will mimic the demands of a full rental fleet to de-risk field 
demonstrations and deployments by verifying performance at scale.  

5.1 Lab Demonstration Test Bed 

5.1.1 Test Bed Architecture 
The test bed consists of hundreds of Raspberry Pi 4 Model B devices, each operating as an 
independent CHIL device to emulate the charging behavior of a specific EV. In a hardware-in-
the-loop setup, real hardware components interact with a simulated environment in real time, 
enabling realistic testing without requiring the complete physical system. Based on experimental 
hardware test results, a code that models the relationship between the EV state of charge and 
charging power for different EV and EVSE types was developed and deployed on the CHIL 
devices. For the purposes of this demonstration, this code is referred to as the transfer function. 

In addition to active power, the transfer function also calculates reactive power consumption as a 
function of SOC, as well as the efficiency curve of the charging equipment. The efficiency curve 
is included to account for power losses in the chargers’ converters, thereby improving the 
accuracy of the power system model. The energy delivered to the vehicle is calculated within the 
transfer function in real time, and SOC updates are derived based on the vehicle’s battery 
capacity. 

Each CHIL device connects to the Real-Time Digital Simulator (RTDS), a high-performance 
computing platform used to model power systems in real time. RTDS simulations are developed 
and executed through RSCAD, the companion software environment that provides the interface 
for building, running, and monitoring real-time models. Communication between the CHIL 
devices and the RTDS is implemented using TCP/IP (Transmission Control Protocol/Internet 
Protocol) or UDP (User Datagram Protocol). In parallel, each CHIL device communicates with 
the SCM using OCPP. OCPP, developed by the Open Charge Alliance, is an open 
communication standard that enables interoperability between EV charging stations and central 
management systems from different vendors. In this project, each CHIL device adopts the OCPP 



27 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

v1.6J protocol to emulate a charging station. The OCPP package used to implement the OCPP 
protocol is based on Python programming language.1  

In addition to the CHIL devices, hardware chargers are included in the test bed for PHIL 
validation. Two physical chargers are available for this purpose: one rated at 350 kW and another 
at 25 kW. Similar to the CHIL devices, the hardware chargers communicate with the SCM via 
OCPP v1.6J. 

 
Figure 17 Test bed communication diagram 

5.1.2 Communication Framework 
Figure 17 shows the test bed communication diagram, which includes CHIL, PHIL, SCM, and 
other components described below: 

1. Node-RED: A flow-based programming tool, originally developed by IBM and now part 
of the OpenJS Foundation. Within the test bed, it serves as the central integration 
platform, enabling seamless communication between the SCM and other devices. Node-
RED hosts the OCPP server for CHIL devices, manages UDP sockets for interaction with 
RSCAD, and uses MQTT as the backbone protocol for data exchange with the SCM. 

2. MQTT: A lightweight, publish-subscribe messaging protocol designed to exchange 
messages between devices in the Internet of Things environment. Devices like the OCPP 
server or SCM can publish data, such as measurements, feedback signals, or control 
commands, to a specific topic. A topic is a hierarchical string used to organize and route 

 
1 Details about the OCPP package implementation in Python script on the CHIL devices are available at 
github.com/mobilityhouse/ocpp. 

https://openjsf.org/
https://github.com/mobilityhouse/ocpp
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messages (e.g., Athena/EVSE_4/Power to represent power measurements from Charging 
Station 4). Other devices can subscribe to topics to receive the corresponding messages. 
An MQTT broker acts as the central server, receiving all published messages and 
distributing them to subscribers based on topic filters. In this project, MQTT is used to 
transmit feedback measurements from CHIL devices and the RSCAD power model to the 
SCM, and to deliver commands and set points from the SCM back to CHIL devices and 
RSCAD components. MQTT protocol allows for seamless integration with InfluxDB, the 
database tool used in this project, within the Node-RED environment. 

3. InfluxDB: A time-series database developed by InfluxData, designed for efficiently 
storing and querying time-stamped data. In this test bed, it is used to record experimental 
data such as measurements from CHIL devices, RSCAD models, and control commands 
issued by the SCM. Data are transmitted to InfluxDB via the MQTT protocol, enabling 
seamless integration with other components of the communication framework. 

4. Grafana: An open-source analytics and visualization platform used to create interactive 
dashboards, charts, and graphs. In this test bed, Grafana connects to InfluxDB to display 
real-time and historical data, enabling users to monitor system performance, analyze 
charging behavior, and track key metrics through intuitive visual interfaces. 

Table 9. shows the communication protocols and messages exchanged between different 
components in the system. 

Table 9. Communication Protocols and Messages Between Different Nodes 

From To Protocol Messages 

CHIL Node-RED OCPP 1.6J OCPP messages 

CHIL Node-RED UDP SOC (signals EV arrival to the SCM) 

SCM Node-RED UDP EVSE ID (assigns a charger to an EV) 

PV inverter Node-RED UDP Output power 

Energy storage 
system inverter 

Node-RED UDP Battery SOC, output power 

Node-RED Energy storage 
system inverter 

UDP Power set points 

Facility loads Node-RED UDP Load power 

Utility Node-RED UDP Total grid power 

PHIL Node-RED OCPP 1.6J OCPP messages 

SCM Node-RED MQTT Set points, EVSE assignments 

Node-RED SCM MQTT Generation/load power, SOC 

CHIL RTDS UDP Active/reactive power, SOC, EVSE IDs 

Node-RED RTDS UDP Power measurements from PHIL 

5.1.3 Power System Model 
To evaluate the performance of the energy management system, the simulation power model is 
built on the IEEE 13-node test feeder. This system consists of 13 buses interconnected by a 
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combination of overhead and underground cables, a main substation transformer, a step-type 
voltage regulator, and an inline transformer. The IEEE 13-node feeder serves as a standard 
benchmark for testing and validating power flow analysis methods and optimization algorithms. 
The single-line diagram of the model is shown in Figure 18. 

In this project, EV charging stations are strategically placed at different nodes within the feeder. 
Two types of chargers are considered based on hardware characterization tests performed for this 
study: 350-kW and 25-kW units. In addition to the charging infrastructure, the model 
incorporates a PV plant and an energy storage system to represent DER. The energy storage 
system plays a key role in enhancing grid resilience and mitigating fluctuations in power supply 
and demand. Control algorithms governing these resources are implemented within the RSCAD 
environment in RTDS hardware-in-the-loop platform.  

Converters are modeled as voltage sources equipped with active and reactive power controllers, 
with power set points supplied by SCM. The power system simulation is executed with a time 
step of 60 𝜇𝜇s, enabling high-fidelity, real-time emulation of dynamic interactions between the 
DER, EV charging infrastructure, and grid.  

Node 650 in Figure 18 is modeled as the slack bus, with a 4.16-kV voltage and a short circuit 
ratio (SCR) of 10, representing a relatively strong grid. SCR is a widely used metric for assessing 
grid strength, defined as the ratio of short-circuit power to the rated power of the connected 
devices. A higher SCR indicates a stiff, reliable grid with low sensitivity to disturbances and 
voltage fluctuations, while grids with SCR values below 3 are typically classified as weak. 

 
Figure 18. Single-line diagram of the power model used in the test 
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5.1.4 Test Flow 
EVs arrive at the rental facility according to the predefined schedule. Each arrival triggers the 
proximity function and sends the vehicle’s SOC to the SCM. A mapping file containing all 
EVSE IDs and their power ratings is accessible to both the SCM and the facility operator. Using 
this information, the SCM assigns the EV to a charger and communicates the EVSE ID to the 
operator. In making this assignment, the SCM considers multiple factors, including PV 
generation, energy storage system SOC, utility prices, and current or forecasted load/generation. 

Once the EVSE ID is received by a CHIL device, the charging process begins. The CHIL device 
replicates the EV’s power consumption according to its transfer function. During charging, the 
CHIL sends OCPP messages (e.g., MeterValues for consumed power and SOC) to the OCPP 
server hosted in Node-RED. Simultaneously, it communicates with the RTDS, providing signals 
for use within the RSCAD simulation model. The RSCAD model also simulates other sources 
and loads in parallel and exchanges data with the SCM in real time. 

The charging process ends in either of two cases: 

1. The SOC reaches 80%. 
2. The SCM sends a zero-power set point command to a charger, which the CHIL interprets 

as an instruction to terminate the session. 
When the session ends, a StopTransactionReq OCPP message is sent to the OCPP server, 
followed by a StatusNotificationReq with an “Available” status. This informs the OCPP server 
and the SCM that the charger is now free and ready to serve other vehicles. 

5.2 CHIL/PHIL Verification Testing 
The final verification of system performance requires the SCM to manage all charging and DER 
as emulated and represented in the CHIL/PHIL test bed above. Unlike the simulation results 
above, this verification step ensures real-time operation with real-world communication 
protocols. CHIL testing ensures the system will perform at scale, while PHIL testing ensures the 
SCM can respond to live operating EVSE hardware. The results below, when compared to 
simulation results, provide the confidence this technology is ready for deployment in pilot 
demonstrations.  

5.2.1 CHIL/PHIL Test Results: Gold SCM 
A 24-hour demonstration test was conducted with the CHIL/PHIL environment from about 12 
p.m. on Oct. 28 to 12 p.m. on Oct. 29, 2025. The test start time of 12 p.m. was converted 
internally to an emulation time starting at 6 a.m. in order to synchronize different load profiles 
(such as EV arrival patterns, solar generation, and building demand) and standardize the results. 
The test setup included the Gold SCM control framework, 294 EV arrivals scheduled throughout 
the day (sampled from the full approximately 1,000 EV daily arrivals predicted by the EVI-
Rental model), and two hardware-based EV-EVSE sessions. The PHIL hardware EV-EVSE 
setup used in the test is shown in Figure 19. 
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Figure 19. PHIL EV-EVSE setup for the CHIL/PHIL demonstration test 

Key test parameters and performance metrics are presented in Table 10. The distribution of EV 
arrival time and SOC are presented in Figure 20, indicating that vehicle arrivals start ramping up 
in the morning around 6 a.m. and peak around 2–6 p.m., corresponding to a business diurnal 
pattern. The arrival SOC distribution indicates that most EVs arrive with a low SOC, requiring a 
full charging session and stress testing the SCM controller. EVs arriving with SOC greater than 
80% are not charged. 

Table 10. Key Parameters and Performance Metrics for CHIL/PHIL Demonstration Test 

Key Parameter Value 

SCM standard Gold 

Battery design 1 MW/4 h 

PV design 1 MW 

# of emulated EVs 294 

# of emulated high-power chargers (350 kW) 22 

# of emulated low-power chargers (25 kW) 278 

# of hardware sessions (PHIL) 2 

PHIL hardware setup GMC Hummer + Delta DC Wallbox 
Hyundai Ioniq 5 + Bosch EV3000 

Peak load (with conversion losses) 2.05 MW 

Average assignment wait time 6.28 s 

Average charge time 35 min 
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Figure 20. Distributions of EV arrival time and SOC 

Key power profiles are presented in Figure 21, along with the BESS SOC. The grid power 
profile demonstrates that the SCM controller can successfully enforce a power ceiling, ensuring 
good performance while avoiding costly distribution and interconnection upgrades. The BESS 
power profile demonstrates how the algorithm charges the battery (negative power values) when 
solar generation peaks and discharges it when solar generation is low and EVSE and building 
loads are high, successfully shaving the peak load. The building load, not shown in the graph, 
stays relatively constant around 1 MW throughout the day. 

 
Figure 21. Power and BESS SOC profiles 
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The distribution of EV charging times is shown in Figure 22, which indicates that the majority of 
charging sessions are completed within 15–30 minutes. This result is a combination of the EV 
arrival SOC and assigned EVSE power level; EVs with lower SOC are assigned to high-speed 
chargers, while EVs with higher SOC are assigned to low-speed chargers, balancing out the 
charging time distribution.  

 
Figure 22. Distributions of EV charging time 

For the hardware portion of the test, the GMC Hummer EV started charging with an SOC of 
45% and was connected to the Delta DC Wallbox EVSE charger with a rated capacity of 25 kW. 
The Hyundai Ioniq 5 EV started charging with an SOC of 56% and was connected to the Bosch 
EV3000 EVSE charger with a rated capacity of 30 kW. Each vehicle was charged until it 
reached 80% SOC. The power and SOC profiles are shown in Figure 23, which indicates that the 
Ioniq achieves its desired SOC much faster than the Hummer even when charging at a slightly 
lower power level, as expected due to the battery size difference. Power profiles were observed 
to remain mostly constant, as expected from low-power DC fast chargers, requiring a low level 
of intervention or curtailment by the SCM controller. 
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Figure 23. Power and SOC measurements for the PHIL hardware test 

Overall, the performance of the Gold SCM framework agrees with the simulation results, 
demonstrating that a similar control structure can be deployed in practice. Lab tests confirm that 
the SCM can keep the total grid power below the limit (2 MW) by utilizing the energy storage 
and controlling the charging power of the EVSE, using a combination of feedback and heuristic 
rules. The framework was also able to handle real EV and EVSE hardware without any adverse 
effects. Charging loads using low-power DC fast chargers like the Bosch and Delta units are 
relatively constant through a large portion of their SOC range if the vehicles are meant for high-
power DC fast charging. 
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Conclusion 
The results of this study highlight grid capacity challenges for airports with expanding electrical 
loads. The specific challenges in this study were regarding load increases at airport rental car 
facilities due to the adoption of EVs. However, the resulting solutions could support challenges 
due to any load increase. If gone unmanaged, these increases in site peak demand would require 
significant electrical capacity upgrades—$4.2 million for 1.6 MW of additional capacity.  

While the growing loads from EVs create the challenge of a higher peak demand, the nature of 
EV charging loads also presents an opportunity. This project developed and tested a site 
controller specifically to coordinate DER and flexible charging assets to mitigate peak demand 
concerns and avoid costly upgrades. The simulation results display how simple site management 
can ensure grid constraints are adhered to and completely avoid infrastructure upgrades. 
However, these Gold and Platinum results without DER would extend charging times or result in 
vehicles delivered to customers below the desired SOC. These controls are also able to 
coordinate with DER assets to further mitigate net peak demand, which would require 
significantly less investment than the grid upgrades from the uncontrolled scenario—$2.8 million 
and $1.2 million for Gold and Platinum, respectively. These controls do present a significant 
improvement in charge session completion compared to uncontrolled and the respective Gold 
and Platinum non-DER simulations.  

In addition to the development and simulation of these controls, the team also refined their 
performance for use in live operations with real-world hardware. This required modifications to 
the controllers that addressed EVSE hardware capabilities and industry standard communication 
protocol messages. These updates enabled testing in the CHIL/PHIL test bed to verify system 
performance at scale. This real-time operation stress test proves the technology could be easily 
adapted for field demonstrations with equipment available today.  

While the potential cost savings are significant, and the CHIL/PHIL performance suggests the 
technology could be deployed in the field, there are some challenges that arose regarding charge 
session performance. While all of the results above present portions of charge sessions with an 
SOC deficit, it is important to understand how this is caused. The vehicle itineraries that defined 
arrival SOC and vehicle dwell period presented many challenges, with a significant portion of 
the vehicles arriving with less than 30% SOC and many requiring a quick turnaround of less than 
30 minutes. While some of these sessions could not be completed under any circumstance due to 
vehicle charge acceptance curve variability, many others leave very little flexibility for 
management. Some resolutions to this could include fleet operation revisions that would improve 
arrival SOC, extended vehicle dwell periods from reservations, or short delivery delays to ensure 
charge sessions have sufficient time to complete.  

These findings present exciting opportunities for fleets to address peak demand challenges that 
may be increasing utility bills or delaying expanding operations. There are many opportunities 
for this technology to be refined for a specific fleet’s needs. These refinements could be tested 
and verified using the framework outlined in this report, as well as the capabilities developed and 
currently present at NLR. While these results present exciting cost savings, many opportunities 
still remain to ensure that expanding electric loads can be supported without costly and time-
consuming upgrade projects.  
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Appendix A. Testing Methodology 
This appendix covers the testing methodology to collect data on the EVSE and vehicles modeled 
for CHIL implementation. 

A.1 EVSE Nominal Power Transfer 
Nominal power transfer tests were performed to understand EVSE performance at specific test 
points within its nominal operating area. Table A-1 presents the set point values that the EVSE 
was tested at, where the current is progressed from 10 A to the maximum amperage in steps of 
10 A for the voltage levels listed (within the supported range). 

Table A-1. Nominal Power Transfer Specifications 

 Values Comments 

Currents 10 A to max. 10-A steps 

Voltages 250 V, 300 V, 400 V, 650 
V, 750 V, 850 V, 900 V Within supported envelope 

Temperature 23°C  
 

A.2 EVSE High-Utilization Characterization 
High-utilization characterization tests were performed to capture repeated high-utilization 
charging sessions as would be seen in a rental fleet application.  

Table A-2 outlines the test steps that involve drawing maximum power for 10 minutes with short 
breaks in between (three times per test).  

Table A-2. High-Utilization Characterization Specifications 

Step Duration Test Condition 
Category 

DC Current Test 
Conditions 

DC Voltage Test 
Conditions 

Tolerance 

1 30 s Plug in and start charge 
session 

Ramp up current to 
Step 2 

 ±30 s 

2 10 min State-state power transfer Peak current at max. 
voltage 

Max. voltage ±2% 

3 240 s Stop charging session, 
unplug 

0 A  ±30 s 

4 10 min State-state power transfer Peak current at max. 
voltage 

Max. voltage ±2% 

5 240 s Stop charging session, 
unplug 

0 A  ±30 s 

6 10 min State-state power transfer Peak current at max. 
voltage 

Max. voltage ±2% 

7 30 s Stop charging session, 
unplug 

0 A  ±30 s 
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A.3 Off-Nominal Grid Input 
Off-nominal grid input tests constitute changes in input voltage, input frequency, and input 
voltage harmonics that are outside of the hardware’s nominal operating window to observe the 
impact on the hardware itself. Table A-3 shows high-level information for the off-nominal tests 
including the two operating states, one at maximum power and another at a lower power.  

Table A-3. Off-Nominal Grid Input Tests 

 Values Tolerance 

DC load currents 25 A, max. current supported by hardware at 
current voltage 

±0.2 A 

DC load voltages 400 V, max. voltage supported by hardware ±1 V 

Temperature 23°C  

Input voltage (for deviation test) +10% of rated voltage, −10% of rated voltage  

Input frequency (for deviation test) 99% of nominal, 98% of nominal, 101% of nominal, 
102% of nominal 

 

Input harmonics (for deviation test) +5% of nominal  
 
The input voltage, input frequency, and input harmonic test specifications are laid out in Table 
A-4, Table A-5, and Table A-6, respectively. Each test steps the portion under test outside of the 
nominal amount and holds it for a set period of time.  
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Table A-4. Off-Nominal Input Voltage Specifications 

Step Voltage Duration (s) 

1 100% 20 

2 98% 3 

3 96% 3 

4 94% 3 

5 92% 3 

6 90% 60 

7 92% 3 

8 94% 3 

9 96% 3 

10 98% 3 

11 100% 20 

12 102% 3  

13 104% 3 

14 106% 3 

15 108% 3 

16 110% 60 

17 108% 3 

18 106% 3 

19 104% 3 

20 102% 3 

21 100% 20 

 
Table A-5. Off-Nominal Input Frequency Specifications 

Step % of Nominal Frequency (Hz) Duration (s) 

1 100 60.0 20 

2 99 59.4 3 

3 98 58.8 3 

4 99 59.4 3 

5 100 60.0 3 

6 101 60.6 3 

7 102 61.2 3 

8 101 60.6 3 

9 100 60.0 20 
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Table A-6. Off-Nominal Input Voltage Harmonic Specifications 

Step Voltage Total Harmonic 
Distortion Injection 

Duration(s) 

1 0.0% 60 

2 5.0% 10 

3 0.0% 30 
 
A.4 Vehicle Minimum Charge Current 
Table A-7 shows the specifications for capturing the minimum current the vehicle will accept 
before ending an active charging session. Here the charge current is held at a low level for 5 
minutes before moving to the next current level.  

Table A-7. Minimum Vehicle Current Test Specifications 

 Values Comments 

Vehicle battery temperature Preconditioned, pre-driven Cold and ambient, preconditioned 

Current curtailment 0 A up to 10 A 2-A steps 

Vehicle SOC <85%  

EVSE temperature 23°C  
 

A.5 Vehicle Charging 
Vehicle charge testing produces the EVSE and EV transfer functions used in the CHIL 
environment. Table A-8 lists the test specifications used for this effort. It is important to note that 
the charge tests are done at two temperature levels and four levels of current curtailment. 

Table A-8. Vehicle Charge Test Specifications 

 Values Comments 

Vehicle battery temperature Preconditioned, Pre-driven Preconditioned: −7°C, 23°C 

Vehicle SOC 20% (start), 100% (finish)  

Current curtailment 100%, 75%, 50%, 25% Percent of vehicle max. current 

EVSE temperature 23°C  
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A.6 Data Collection Requirements 
Table A-9. Data Collection Requirements 

Category Type Recording 
Frequency 

Units Associated 
Test(s) 

Comments 

Metadata Charger ID N/A N/A All  
Metadata Charger firmware version N/A N/A All  
Metadata Testing date and time N/A N/A All  
Metadata Vehicle make and model N/A N/A Vehicle  
Metadata Odometer N/A N/A Vehicle  
Metadata Emulator (charge control box) N/A N/A Charger  
Metadata Plug-in time stamp N/A N/A All  
Metadata Unplug time stamp N/A N/A All  
Electrical Input voltage 10 Hz Vrms All A, B, and C phases 
Electrical Input current 10 Hz Arms All A, B, and C phases 
Electrical Input frequency 10 Hz Hz All A, B, and C phases 
Electrical Input real power 10 Hz kW All  
Electrical Input reactive power 10 Hz kVAR All  
Electrical Input apparent power 10 Hz kVA All  
Electrical Input harmonics 10 Hz % All 3rd, 5th, 7th, 9th… sampling 

frequency determined by 
highest harmonic 

Electrical Output voltage 10 Hz V All  
Electrical Output current 10 Hz A Charger  
Electrical Output power 10 Hz kW Charger  
Electrical Output energy 10 Hz Ah Charger  
Electrical Input current THD  % All  
Electrical Battery SOC 10 Hz % All Also before and after test 
Thermal Ambient temperature 10 Hz °C All  
Thermal Charge cable temperature 10 Hz °C All  
Thermal Charge connector 

temperature 
10 Hz °C All  

Thermal EVSE enclosure temperature 10 Hz °C All  
Thermal Cooling air inlet temperature 10 Hz °C All  
Thermal Cooling air outlet temperature 10 Hz °C All  
Communications OCPP logs to charger 1 Hz N/A All  
Communications Vehicle communications 1 Hz N/A Vehicle Use Vector CCS listener 
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