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Dr. Bill Kramer, NREL

CUBE Project Vision, Leadership and Mentoring

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



CUBE Overview



NREL    |    7

www.nrel.gov

Research > Publications

SEARCH THE DATABASE for “CUBE”

Fact Sheet is titled:

“Plug into NREL’s Resilient CUBE”
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Project Overview:  The Army CUBE

The Challenge

Reduce diesel fuel consumption in standard generators at 
forward operating bases. 

Lightweight

Military client engaged NREL to develop and design a 
containerized power system with a focus on a modular 
Consolidated Utility Base Energy power interface unit—
the CUBE.

Easily deployed Transportable

Reliable

Modular

The Solution

ScalableDesign 
Criteria
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CUBE Program 
Timeline

2007-2018 Major Milestones

2
0

1
8

Microgrid project 
with Heila;
RK Mission 

Critical licenses 
(limited) CUBE 

technology

2
0

0
7

Initial funding 
from Army 
PM-MEP to 
initiate 
project 
scoping

2
0

1
6

Army PM-
MEP funding 
continuation; 
approves 
prototype 
design and 
fabrication

Performance 
Test Report 
and Model 
Report 
released

2
0

1
4

2
0

0
9

Report on 
completion 
of DC XFMR, 
FLI and Flex 
Grid Input 
released

2
0

1
2

CUBE 
prototype 
moves from 
NWTC to ESIF

2
0

1
3

Wyle Labs and 
Army REF fund 
remaining tech 
upgrades project 
(DC XFMR, FLI, 
Flex Grid) 

2
0

1
1

CUBE prototype 
proof of concept 
and performance 
validated at 
NREL/NWTC
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Early Analysis

Army customer 
requirements 

and data

Potential 
Electrical 

Architectures
HOMER Analysis

Size-Weight-Fuel 
Trade Study

Conceptual 
Tactical Platform
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Design Requirements and Constraints

• Must use incumbent 

TQG with no design 

modification

• Must be transportable for 

FOB

• Must be resilient to 

environment (sand, cold, 

hot, humid)

• Field deployable by 

minimally trained soldier

• Approximately 60kW

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Tactical Quiet Generator (TQG) Fuel Efficiency Analysis

15 kW TQG
Weight = 2124 lb.
LxWxH = 70’ x 36” x 55”
3ph, 4-wire Output = 
120/208V

= 240/416V
= 50/60 Hz

Fuel Use= 1.5 gph rated
Fuel Tank= 14 gal

30 kW TQG
Weight = 3005 lb.
LxWxH = 80’ x 36” x 55”
3ph, 4-wire Output = 
120/208V

= 240/416V
= 50/60 Hz

Fuel Use= 2.43 gph rated
Fuel Tank= 23 gal

Efficiency curves are HOMER-generated graphs using customer-provided fuel consumption vs. power data. 

60 kW TQG
Weight = 4063 lb.
LxWxH = 87’ x 36” x 59”
3ph, 4-wire Output = 
120/208V

= 240/416V
= 50/60 Hz

Fuel Use= 4.51 gph rated
Fuel Tank= 43 gal

10 kW TQG
Weight = 1182 lb.
LxWxH = 62’ x 32” x 37”
3ph, 4-wire Output = 
120/208V

= 120/240V
= 60 Hz

Fuel Use= 0.97 gph rated
Fuel Tank= 9 gal

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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HOMER Software 
Screenshot

• 3.1  Briefing on HOMER
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Configuration Optimization

$11.80 GEN CONFIG LP BATT SOLAR GAL SAVED COST SAVED SUMMED WEIGHTS  [lbs] FOOTPRINT [sq. ft.] $:lb $:fp

GEN-BATT-PV 30 27 82.8 30 4,083 $48,183 10,031 4,714 4.80 10.22

Selected Solution for Load Profile 27
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Large Container Concept

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



NREL    |    18

Solar Footprints (2009)

THIS DRAWING IS 
DRAWN TO SCALE 
HORIZONTALLY, BUT 
NOT VERTICALLY!

w/generator w/o generator
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Small Container Concept
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Deployable Solar Prototype

Structure:
Bi-stable composite tube 
integration from Composite 
Technology Development, 
Inc
Lafayette, Colorado

Solar Panels:
Lighweight flexible, high 
efficiency CIGS from 
Ascent Solar
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Deployable Solar Concept
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Early Concept (movie)

(please switch to movie)
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AC and DC 
Loads

10 kW
15 kW
30 kW
60 kW
Grid

5 kW
10 kW
15 kW
20 kW
100-350 Vdc

10 kWh
20 kWh
50 kWh
100 kWh
100-350 Vdc

0 – 60 kW AC Load
208 or 416 Vac
50 or 60 Hz

Solar

Batteries

TQG
Power Interface CUBE

Mission-Adjustable 
Modular System Design
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CAD 
Layout 
Iteration
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Prototype Design Progression

Benefits of high frequency transformer isolation with DC Transformer plus Four-Leg Inverter

– Reduced weight (175 vs. 575 lbs = 70% reduction in weight for non-integrated design)

– Reduced volume (3.6 vs. 8.1 ft3 = 55% reduction in volume for non-integrated design)

– Ability to provide voltage balancing in presence of significant load imbalance

Benefits of flexible grid input

– Leverage host nation grid power with 120/208, 240/416, or 277/480 V and 50 or 60 Hz

– Clean up host nation grid power

60 kW Hybrid

Inverter / Rectifier

5-10 kW PV MPPT 

Converter

Consolidated Utility Base Energy (CUBE) V1

100 – 350 Vdc

100 – 350 Vdc

100 – 350 Vdc

100 – 350 Vdc

100 – 350 Vdc

40 kWh

30 kW Battery 

Charger / Discharger

60 kW 3-phase

Delta - Wye

Line Frequency 

Transformer

5-10 kW PV MPPT 

Converter

5-10 kW PV MPPT 

Converter

5-10 kW PV MPPT 

Converter

5-10 kW

5-10 kW

5-10 kW

5-10 kW

60 kW

GS

30 kW

GS

30 kW

3-phase, 4-wire 

Grounded Wye 

AC Bus

60 Hz 120/208 

Vac (or) 50 Hz 

240/416 Vac

60 kW

DC Transformer

Consolidated Utility Base Energy (CUBE) V2

100 – 350 Vdc

100 – 350 Vdc

100 – 350 Vdc

100 – 350 Vdc

60 kW

GS

30 kW

GS

30 kW

GRID

Three-phase 

or Single-phase

60 Hz 120/208 Vac (or) 

50 Hz 240/416 Vac

40 kWh

5-10 kW

5-10 kW

5-10 kW

5-10 kW PV MPPT 

Converter

30 kW Battery 

Charger / Discharger

5-10 kW PV MPPT 

Converter

5-10 kW PV MPPT 

Converter

60 kW Four-Leg

Inverter / Rectifier

50 kW Grid-Connected 

Inverter / Rectifier

60 kW 3-phase

Line Frequency 

Transformer

3-phase, 4-wire 

Grounded Wye 

AC Bus

60 Hz 120/208 

Vac (or) 50 Hz 

240/416 Vac

V2V1
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Differentiating 
Design Features

1: Seamless, instantaneous 
transition to and from diesel 
generation.
• Allows plug-and-play with any TQG (or 

isochronous generator)

• Preserves battle short

• No interruption to load even if all diesels 
are lost

2: Load Balancing via 4-Leg Inverter

3: Lightweight electrical isolation by 
Dual Active Full Bridge with high 
frequency liquid cooled transformer 
– “DC transformer” 

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Three-line diagram

A

B
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N

+
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1   :   n

PV

PV
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PV MPPT Converters (PVCs)

(Boost DC-DC Converters)

Battery

Battery Charger / Discharger (BCD)

(Synchronous Buck or Boost)

DC Transformer (DCX)

(DVF-DAFB Converter)

Four Leg Inverter (FLI)

(Three-phase Four-leg Inverter)

Diesel

Generators

Three-phase Loads

and 

Single-phase Loads

A

B

C

N

Grid-Connected Inverter (GCI) 

(Three-phase Three-leg Inverter)

GRID 

Connection

Line Frequency Transformer
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Isolation and Protection

CB: Circuit Breaker

IMD: Insulation Monitoring Device

SPD: Surge Protection Device

OVR: Over Voltage Relay

RCD:  Residual Current Device

CR: Contactor

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Control and Signal Architecture

Secure Area Network
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Operating Modes and Bus Control
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Rugged Versatile Controllers

Real-Time Processor
• Stable, fast computing
• Communications
• Data Logging

FPGA Backplane
• Extremely fast and 

reliable electronics 
control

• Versatile signal I/O

Signal Interface 
Modules

Single-Board RIO
• Integrated circuit 

board
• Configurable

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Hardened Power Electronics Packages
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Key Prototype Features

• Liquid cooling for compact package
– Power electronics

– Magnetics

– Internal air cooler for controller cooling

– High Frequency Transformer

• Mil-spec connectors and as many other components as feasible

• Operator interface

• Intelligent dispatch algorithm that is adjustable for the mission

• The design and implementation is open source owned by the 
Army sponsor

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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First Prototype (minus coolers)
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Final Prototype
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2 Battery Interface Plugs

Genset 2/Grid Plug

Load Service Plug

4 PV Input Plugs

Genset 1 Plug

Liquid Cooling Cold Plate 
(for inductors)

Circuit Breakers

Liquid – Air Heat 
Exchangers

• Advanced Liquid-Cooled Power 
Electronics

• FPGA and Real-Time Computer 
Controls

• Intelligent Dispatch Strategy to 
Decrease Diesel Fuel Burn

Walk-
Around

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Diesel Dispatch

• Objective:  Minimize fuel consumption while ensuring the 
primary load is always met

• Steps:

– Diesel Capacity Dispatch:  Determine the minimum amount 
of diesel generating capacity that must be on-line to ensure 
the primary load is always met, called Diesel Capacity 
Required

– Diesel Configuration Dispatch:  Select the most fuel efficient 
combination of diesel generators to provide Diesel Capacity 
Required

• Challenges:

– Load and PV power fluctuations

– Diesel capacity cannot be added instantaneously

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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System Prototyping and Testing

CORE EXPERTISE
• In-house design and build of complex 

systems, involving electrical controls and 
thermal management

• Embedded controls using microcontrollers, 
FPGA and microprocessors

• High speed data acquisition
• System control and visualization (e.g., 

LabView/LabWindows)
• System evaluation using PHIL at ESIF and 

NWTC

KEY APPLICATION: 

CONSOLODATED UTILITY BASE 

ENERGY (CUBE) SYSTEM

NREL staff worked with the US Army 

Mobile Electric Power (MEP) program 

to design an energy management 

system for Forward Operating Bases 

with the goal of using renewable 

energy and storage to minimize the 

use of diesel fuel.

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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FLI waveforms - voltage balancing (Experimental)

Ph A = 8 kW, Ph B = 4 kW, Ph C = 2 kW

Voltage Current

Ph A = Ph B = Ph C = 5 kW

Voltage Current

Voltage scale = 150 V/div
Current scale = 25 A/div
Time scale = 10 ms/div
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Key Results – 24 Hour 
Test and Modeling

…we can therefore conclude that about 63% of the fuel savings was achieved by 
using the battery to prevent starting another TQG, while about 37% was the direct 
result of PV power displacing TQG power. 

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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CUBE Reports in NREL.gov Publications Database
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NREL Support of Installation and 
Operational Energy Missions

Non-Tactical
Vehicles and Spot Gen

Fuel

Electricity
Dependence on

utility grid

Installation

Primary Energy
Source

Diesel Generation, Soldier Electronic
Systems and Batteries

Operational

Approach

• Smart microgrids
• Renewable integration and 

storage
• Enterprise-level management
• Replicable, modular process and 

systems
• Load reduction/management
• Vehicle electrification and grid 

integration

• Demand-side management
• Energy Efficiency
• Hybrid diesel/renewable generation systems
• Microgrid design and implementation
• Logistics optimization
• Battery/renewable hybrid soldier electronic systems
• Renewable generation (e.g., waste to energy, PV)

Forward Operating Base
Force Projection

Fixed Installation

Training
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Background

New military microgrid testbed capability builds upon years of 
successful strategic partnership projects.

Relevant DOD projects included hardware-in-the-loop (HIL):

• Army “Consolidated Utility Base Energy” (CUBE) project 

– Developed advanced diesel genset integration with renewables

• Navy “Energy Resource Planning Tool” (ERPT) project

– Proved energy resource planning algorithms are valid in HIL

• Air Force / Eaton “Modular Expeditionary Technology 
Evaluation Resource” (METER) project 

– Pioneered machine learning for multi-energy system controls

• DOD ESTCP “Large Scale Energy Storage Microgrids” project

– Strategic program contributing advanced equipment to NREL

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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New Research Capability

New site with significant interconnectivity between ESIF and Flatirons
• Intended for live simultaneous research operations

– Link to existing ESIF real time simulation platforms
– Newly created Cyber Energy Emulation Platform (CEEP) at ESIF
– Connection to wide variety of ESIF assets (PHIL, SCADA, etc) 

Military-style tent structures built at Flatirons 
• Initial DER equipment located both external and inside the 

structures:
– Regenerative grid simulator
– Military diesel generator with load bank
– Variety of controllers and sensors associated with all equipment

• Coming projects gradually add equipment:
– Vanadium flow battery with bidirectional multi-port inverter
– Advanced diesel generator
– Solar array simulator and PV inverter

Advanced Research of 
Integrated Energy 
Systems (ARIES)
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Flatirons Campus 
(Proposed)

Flow Battery

Gravel Pad

Mow Area

Military 
Shelter 2

SSS 1

DC Genset

Electrical and 
Communications

HVAC

Metrology Tower 
and Security Camera

Future Connection to DERTF

Future Connection to 
Small Wind Turbine

Tactical EV

Hybrid PV+T

Concrete 
Barriers

Welcome To

“Fort Renewable”

DOE

Alaska Structures
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Nexus-E

Nexus-E brings modularity and 

flexibility to predictive control 

on multiple energy domains

Enables reduction in energy 

consumption, enhancing 

resiliency in microgrids such as 

forward operating bases. 

Scalable cloud-computing with 

machine learning for predicting 

total energy requirement to 

better utilize advanced 

controllers anywhere

Islands Desert Mountains

Thermal 
Loads
Electrical 
Loads
Renewables
Fossil Fuels

@ESIF

Multiple microgrids connected to Nexus-E with NREL development at ESIF & Flatirons

Contact:
Richard Bryce, NREL
Richard.Bryce@nrel.gov
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