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ABSTRACT

STATE-BASED ENGINE MODELS FOR TRANSIENT APPLICATIONS WITH A

SCALABLE APPROACH TO TURBOCHARGING

Microgrids have the potential to improve energy surety, increase the penetration of renewable
energy, and provide electrical power in remote areas; however, reduced system inertia
contributes to challenges in maintaining power quality during operation. In this dissertation a
state-based mean-value turbocharged diesel engine model is developed for applications in
microgrid. The model is validated against transient data collected during step load testing at
Colorado State University’s Engines and Energy Conversion Laboratory. A controller with an
air-fuel ratio based smoke limit and load based gain schedule is implemented to improve
agreement with experimental data when compared to a simplified model frequently used in
microgrid control studies. The state-based model is capable of variable speed operation,

extending the utility to transient applications beyond micro-grid.

Due to the uncertainty around transient performance, lean burn gas engines typically are
employed in steady load applications such as distributed generation or industrial systems such as
natural gas compression in order to take advantage of the low cost of the fuel, improved
efficiency, and reduced emissions. There is significant interest in natural gas engines for
microgrids due to the low fuel cost and indications that natural gas supplies would be secure
during an interruption of the national electric grid. In addition, replacing diesel engines with gas
engines has been identified as a method to reduce cost and emissions associated with drilling and

well stimulation. However; both of these applications involve transients which may exceed the



capabilities of lean-burn natural gas engines. In this dissertation a state based mean-value
turbocharged lean-burn natural gas model is developed to study transient control strategies.
Transient data was unavailable; however the model exhibits the expected characteristics during
transient loading, namely limited load acceptance capability due to turbocharger lag and narrow

air-fuel ratio limits.

Collecting and processing turbocharger performance data to a form appropriate for simulation is
one of the more difficult and effort intensive steps when implementing state based engine
models. A method is developed to implement non-dimensional performance maps thereby
allowing a range of turbochargers to be modeled from the same performance data, reducing the
effort required to implement models of different sizes. The non-dimensional maps seek to model
the performance of compressor and turbine families in which the geometry of the rotor and
housing are similar, and allow the turbocharger to be scaled for simulation in much the same way
used to design customized sizes of turbochargers. A method to match the non-dimensional
compressor map to engine performance targets by selecting the compressor diameter is

presented, as well as a method to match the turbine to the compressor.
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1 Introduction

1.1  Content of Dissertation

State based diesel and natural gas engine models are developed in this dissertation motivated by
modeling of high horsepower applications in power generation, as well as drilling and
stimulation of oil and gas wells. The dissertation is arranged into six chapters and two
supporting appendices. Conclusions are drawn separately for each part. A brief description of

each part follows:

Introduction: The introduction includes a review of literature and discussion of the motivation

for the models presented in this dissertation.

Dynamic Turbocharged Diesel Engine Model with Experimental Validation': Many engine
models in micro-grid control applications are over-simplified and provide a simplified transient
response. These models can provide a false sense of system integrity during design by accepting
loads that a real engine may not be able to handle due to logic in the engine controller intended
to protect the engine from wear or reduce emissions. In Part Il a turbocharged diesel engine
model is implemented that includes system states required to implement these functions. A
controller model including an air-fuel ratio based smoke limit and load based gain schedule is
implemented to improve agreement with experimental data when compared to a simplified
model frequently used in microgrid studies. Additionally, the model is applicable to variable

speed applications such as high pressure pumping, extending the utility of the model beyond

! The content of Part II is submitted for publication in ASME Journal of Engineering for Gas Turbines and Power,
titled Dynamic Turbocharged Diesel Engine Model with Experimental Validation.
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micro-grid applications. The full engine model is validated against transient data collected

during testing at Colorado State University’s Engines and Energy Conversion Laboratory.

Dynamic State Based Turbocharged Natural Gas Engine: A natural gas engine model is
developed including a throttle and air fuel controller. The model consists of many of the same
components utilized in the state based diesel model developed in Part 1. This model is also
motivated by control applications and transient response of engines employed in power
generation systems, as well as drilling and stimulation of oil and gas wells. Transient data for a
turbocharged natural gas engine was not available, so experimental validation could not be
performed, however the model is subjected to load steps similar to those applied to the diesel
engine in Part Il and exhibits the expected characteristics during transient loading, namely

limited load acceptance capability due to turbocharger lag and narrow air-fuel ratio limits.

Modeling of Hydraulic Fracturing using a Lean Burn Natural Gas Engine: A case study
using the diesel and natural gas engine models to power a driveline in well stimulation
applications is presented. The driveline component models are discussed, followed by an
illustration of the assembled driveline and controls. Shifting events are simulated while pumping
at low and high pressures using both the diesel and natural gas models. The results show the
natural gas model is not capable of performing the shift when pumping against high pressure due
to a limited ability to increase air flow beyond wide open throttle. Several methods to assist the

gas engine during transients are suggested for additional studies.

Scalable Turbocharger Performance Maps for State Based Engine Models?: Adapting

turbocharger performance maps to a form suitable for dynamic simulations is challenging for the

% The content of Part IV is submitted for publication in the International Journal of Engine Research, titled “Scalable
Turbocharger Performance Maps for Dynamic State-Based Engine Models”.
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following reasons: (1) the amount of available data is typically limited, (2) data is typically not
provided for the entire operating range of the compressor and turbine, (3) the performance data is
non-linear. To overcome these challenges, curve fits are typically generated using the
performance data individually for each device. The process however can take un-economical
amounts of effort to implement for a range of compressors and turbines. Part IV introduces a
method to implement non-dimensional performance maps thereby allowing a range of
turbochargers to be modeled from the same performance data, reducing the effort required to
implement models of different sizes. The non-dimensional maps seek to model the performance
of compressor and turbine families in which the geometry of the rotor and housing are similar,
and allow the turbocharger to be scaled for simulation in much the same way used to design
customized sizes of turbochargers. A method to match the non-dimensional compressor map to
engine performance targets by selecting the compressor diameter is presented, as well as a

method to match the turbine to the selected compressor.

Summary: Conclusions from each section are collected, the major contributions of this work are

summarized, and additional work is suggested.

Appendix I — Custom Simscape Component Models: The models developed in this
dissertation were implemented in MATLAB Simscape. This appendix includes the description

and equations for the custom component models implemented as a Simscape library.

Appendix Il — Simscape Subsystems and Engine Models: Subsystems composed of several
Simscape components are illustrated and discussed. The diesel and natural gas engine models
including single stage and multi stage turbocharger permutations for both are assembled from the

subsystems.



1.2 Literature Review

The review of literature has been divided into 4 sections:

Section 1.2.1 reviews challenges in maintaining power quality in micro-grids where the
combination of high penetrations of renewable energy sources and reduced system inertia
exacerbate frequency excursions encountered on the system. Several studies are reviewed which
illustrate the challenges, and a simplified engine model often used in these studies is briefly

reviewed.

Section 1.2.2 reviews motivation for and technical challenges associated with utilizing natural

gas engines to power drilling and stimulation of oil and gas wells.

Section 1.2.3 reviews control oriented state-based diesel and spark-ignited engine models

discussed in literature.

Section 1.2.4 reviews methods to implement characteristic compressor and turbine performance
data in dynamic simulations. Dimensional analysis often used in compressor and turbine design

is reviewed and sets the stage for a scaling approach illustrated in Part IV of this dissertation.

1.2.1 Voltage and Frequency Control in Microgrids

A microgrid is defined as “a group of interconnected loads and distributed energy resources
within clearly defined electrical boundaries that act as a single controllable entity with respect to
the grid. A microgrid can connect and disconnect from the grid to enable it to operate in both
grid-connected and island-mode [1].” Recent research in microgrids has been motivated by
energy security and surety [1] [2] [3] [4], increased efficiency [1] [2] [5] [6], sustainability

through increased penetration of renewable energy [2] [5] [6] [7] [8], and remote energy systems
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The reduced system inertia of microgrids, due to the increased penetration of renewable energy
and distributed generation, makes control of voltage and frequency more challenging by
contributing to power disturbances such as voltage sags and swells, and harmonics [8], and can
lead to cascading outages [10]. In conventional power generation strong coupling between the
rotational speed and the electrical frequency allow synchronous machines to contribute to the
inertia of the power system. In many renewable sources such as wind turbines and photovoltaic
units the motion of the generator is electrically decoupled from the grid frequency by a

converter, and therefore these systems do not contribute to the system inertia [2] [11].

Several papers investigate frequency control in grids with reduced inertia. Wall et al [10] present
a method for determining the generator inertia available during a frequency event, useful as
additional input in automatic protection systems. Tielens [12] investigated the rate of change of
frequency and the amplitude of frequency excursions in an electrical system with increasing
renewable penetrations. They report a higher rate of change of frequency during a disruption due
to the reduced system inertia, and amplified maximum and minimum frequency excursions since
the synchronous generators in the system have even less time to react due to the low system
inertia. Four frequency support methods from literature are also summarized in the paper. They
are: 1) a coordinated control of an energy storage system, 2) deloading or curtailing the
renewable source so a reserve is created, 3) the use of kinetic energy of a wind turbine to provide

frequency support, and 4) demand side management.

Maintaining power quality during separation from the utility grid and operation in islanding
mode has also been the focus of several studies. Serban et al [7] discussed balance of power
supplied and consumed on an isolated low-power micro-grid with renewable energy sources

utilizing a 3-phase dump load for frequency control and unbalanced currents. Green et al [4]
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demonstrated island mode operation of an inverter based micro-grid in a control scheme
designed to accommodate parallel operation. Katiraei et al [13] investigated the control to
ensure stability of a micro-grid even during islanding events utilizing two distributed generation
units, one of which is interfaced through a power electronic converter with independent real and
reactive power control. Del Carpio-Huayllas et al [14] discussed intentional and unintentional
islanding of a micro-grid. In a presentation by Dilliott [15] a timeline of events from the
September 8th, 2011 San Diego black out illustrates the UCSD campus micro-grid took nearly
seven hours to recover and bring the campus back online after an unplanned separation from the
utility grid, mainly due to frequency issues. The presentation illustrated it is critical to understand
the likely frequency and voltage transients that will occur during exceptional operating

conditions such as an unplanned islanding.

Liu et al [16] identify “Most of the remote and isolated communities or technical installations
(communication relays, meteorological systems, tourist facilities, farms, etc.) which are not
connected to national electric distribution grids rely on diesel engines to generate electricity”.

Wind diesel hybrid systems are discussed by Ibrahim et al [17] and Sebastian [6] [5].

In the paper by Ibrahim [17] electricity supply in remote areas serviced by diesel generators are
discussed. The exploration of wind diesel hybrid systems is presented as a method to reduce
diesel fuel consumption. The paper explores incorporating compressed air energy storage into
high-penetration wind-diesel systems to improve the use of renewables and reduce the cost of
electricity through reduced diesel consumption. Numerical models of each component,
including a mean-value diesel model which enables evaluation of the fuel economy, are proposed
and used to model a case study based in northern Quebec. The operation and fuel consumption

of the diesel generators during standby operation (times when the engine is idling so that it can
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respond to a wind speed reduction) is identified as a gross detriment to the economic and
environmental benefits of a wind diesel hybrid system since the engines may consume as much a
s 50% of the fuel consumed at nominal power. As this study was focused on optimization for

reduced fuel consumption, dynamic response of the engine is not illustrated.

Sebastian [6] presents component models and a combined wind-diesel hybrid isolated power
system with a battery energy storage system. Sebastian also presents a wind-diesel hybrid
system in wind only mode [5]. Frequency and voltage control is presented during wind only
operation and during transition from wind only to wind-diesel mode. The engine can be engaged
or dis-engaged from the synchronous machine via a clutch. The diesel engine model used by [6]
is simplified as a series of transfer functions and is employed in other studies [18]. This
simplified engine model is adapted from the governor model presented in a paper by Hannet
[19]. This type of model simplifies system dynamics and does not model advanced control
functions common in modern engines which may affect the system response, such as gain

schedules and air fuel ratio limits.

Additionally, a private report for the Marine Corps Air Station Miramar Micro-grid prepared by
the National Renewable Energy Laboratory [20] determined that Natural Gas engines were of
interest to military micro-grid applications, and that there is a need for better simulation models
to represent the transient performance of engines in the size range of 100s-1000s kW. A public
report of this effort [21] identifies the base’s reliance on natural gas as a major energy source and
the interest in MW of landfill gas generation. MIT Lincoln Laboratory’s report [2] also stated
the NG system is largely independent of the electrical system, so pGrids operating on NG
engines could still be considered “secure,” in the event the electrical system failed. Prior work
has not considered natural gas engines for micro-grid applications.
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1.2.2 Dedicated Natural Gas Engines in Drilling Operations and Well Stimulation
Historically diesel has been the fuel of choice for equipment used during drilling and stimulation
of oil and gas wells due to the relatively low cost and high accessibility of the fuel, and the
proven capability of diesel engines during transient loading conditions [22]. Rising prices in
diesel fuel have contributed to significant increases in costs for drilling and well service
companies [23]. Aside from cost reduction, additional reasons motivating the use of natural gas
in well services include the availability of gas from nearby wells in production, reduction of

traffic to the well pad, maintenance benefits, efficiency gains and emissions reductions [22] [23].

Natural gas has been increasing in popularity as a fuel for commercial heating, industrial
processes, and power generation due to its low cost, low emissions levels, and highly reliable
supply system. Supplementing diesel with natural gas in dual-fuel engines has been
demonstrated as a means to reduce the costs of oil and gas operations [22] [23]. The use of
dedicated natural gas engines to power drilling and stimulation has also recently been
demonstrated however is not widely implemented due in part to the uncertainty in the

performance of natural gas engines during transient loading [22].

The air fuel ratio of lean-burn natural gas engines is controlled within a narrow range. Excess air
is used to reduce the peak cylinder temperature as a method to reduce emissions of oxides of
nitrogen [24] [25]. Reduced peak cylinder temperature also contributes to efficiency
improvement by reducing thermal losses [25] [26]. If the air-fuel mixture is too lean misfire or
flame quenching can occur leading to increased emissions of unburned hydrocarbons [27]. In
order to avoid a significant reduction in power density resulting from operating on a lean air-fuel
mixture the engines are typically turbocharged. The narrow range of air-fuel ratio limits the

ability of the gas engine to rapidly change power output since the air flow must be increased in
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order to increase fueling. Quickly adjusting the throttle allows the engine to accept relatively
small changes in load; however, the lag in the acceleration of the turbocharger limits the engines
ability to accept larger changes in load. For this reason, lean-burn natural gas engines are
typically employed in applications with a relatively steady load level such as support of power

generation during peak loads and industrial processes.

1.2.3 State-Based Mean Value Engine Modeling

Engine models are frequently developed to balance the tradeoff between model fidelity and
computational expense [28]. Depending on the utility of the model a different approach may be
employed. State-based mean value engine models are frequently employed in control
applications where knowledge of engine subsystems plays an important role in the control
design, but sub-crank angle resolution is not required [29] [30] [31]. State-based models utilize
numerical solutions of first order differential equations to model thermodynamic states
throughout the intake and exhaust systems, while algebraic relationships are used to model the
flow of mass and heat between neighboring states [30]. Combustion in individual cylinders and
valve effects typically are not included in the models. Instead, mean value models average
flowrates over several engine cycles [28] [30]. Rather than include detailed combustion models,
many mean-value models rely on large amounts of empirical data such as exhaust temperature
and thermal efficiency maps [29] [30] [31]. The strengths of the mean value model are
simplicity and lean computation, while the weaknesses are its reliance upon large amounts of

engine empirical test data, low bandwidth, and being engine-specific to some degree [30].

Components of mean value models developed for turbocharged diesel engines are presented in
[17] [28] [30] [31]. Many of these models are developed to aid in the design of engine

controllers and equipment including hardware-in-the-loop and on-board diagnostic applications
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which generally require more detail than necessary to simulate the first order inertial dynamics.
The main components in these models are (1) the air filter, (2) turbocharger compressor, (3)
intercooler, (4) intake manifold, (5) combustion, (6) exhaust manifold, (7) turbocharger turbine,
(8) turbocharger rotor, and (9) crankshaft dynamics. Additional components for spark ignited
engines are presented in [28]. Several approaches to each component are illustrated in the

literature depending on the data available and/or the utility of the model.

1.2.4 Dynamic Turbocharger Modeling

Since fueling is restricted by air-fuel ratio limits, the power an engine can produce is generally
limited by the amount of air flow into the cylinders. Since the volumetric flow rate into the
cylinders is limited by the engine geometry, mass flow can be increased by increasing the density
in the intake manifold. Turbochargers use a rotary compressor installed in the intake system and
driven by a turbine installed in the exhaust stream to increase the density of air in the intake

manifold.

Accurately modeling turbocharging is a key part of implementing a state-based engine model.
Compressor and turbine performance is typically implemented as curve fits [17] [31] [32] or
lookup tables [29] [33] developed from steady state performance data provided by the
manufacturer. Although lookup tables are computationally efficient and readily implemented in
simulations, curve fits are generally used because provided data (1) typically does not cover the
entire operating region of the compressor or turbine but rather illustrates only the high efficiency
region at high pressure ratios and rotor speeds, and (2) is limited to a few points which are
characteristically non-linear, incurring additional error when used with interpolation techniques
in a data table [32]. Using curve fits, the data can be extrapolated into the low pressure ratio and

low rotor speed regions while avoiding error induced by interpolation techniques. Curve fitting
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the performance data, however requires significant amount of effort and judgement to determine
a suitable fit. Several methods to fit compressor and turbine data are summarized and illustrated
by [32]. In order to model a series of engines equipped with different size turbochargers, the

process must be repeated for each compressor and turbine.

A dimensional analysis performed by [34] illustrates the performance characteristics of
compressor and turbines are typically provided by manufacturers in terms of corrected mass

flow, M¢,,, and corrected rotor speed, N, Which are defines as:

_ Ty )

Corr 2
u
N z (2)
Corr = —— 2
N3

These parameters, however, are related to a dimensionless mass-flow parameter, ¢, and a rotor

tip Mach number based on the speed of sound at the entry, c,, defined as:

P
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Manufacturers illustrate maps using corrected mass flow, M., and corrected rotor speed,
N¢orrnSince they are produced for a device with a selected diameter, D, and the device will

always handle the same gas, R = Rgir, ¥ = Vair-

P
Mcorr = f(P_u» Ncorr) (%)
d
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Instead, if the diameter of the device is known, these maps can be implemented in terms of the
dimensionless mass-flow parameter, ¢, and a rotor tip Mach number based on the speed of sound
at the entry, c,, to represent a family of geometrically similar compressors or turbines where the

pitch-chord ratio, s /I, and the aspect ratio, h/l, remain constant within the family.

_ Pu 7
— Pu 8

1.3  Summary of Motivation and Modeling Goals

Due to the reduced system inertia associated with a microgrid, maintaining power quality is more
challenging than in traditional power systems and has been the focus of many recent studies.
Diesel engine models utilized in many microgrid control studies simplify system dynamics and
do not model advanced control functions common in modern engines. The goals of the first
study, Part Il of this dissertation, are (1) to illustrate the limitations of the simplified diesel
model, and (2) to develop and validate an improved diesel engine model which includes engine
subsystems that may affect the transient response in order to enable the inclusion of modern
engine controls in these studies. State-based mean value engine models are frequently employed
in control applications where performance of engine subsystems plays an important role in the

control design, and are well suited to this application.

Due to the limited ability of lean-burn natural gas engines to handle variable loads, the engines
are typically only employed in steady applications. Many prior microgrid studies have not

considered natural gas engines for this reason, although there is interest driven by the low cost,
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low emissions levels, and high efficiency of lean-burn gas engines, as well as national security
interests. Additionally, recent interest in employing natural gas engines for drilling and
stimulation of oil and gas wells requires a transient engine model for control design studies. A
state-based mean-value natural gas engine model would consist of many of the same subsystems
as the state-based diesel engine model, and could be implemented with relatively little additional
effort. The goal of Part 111 of this dissertation is to implement a lean-burn natural gas engine

model for simulation in transient applications.

Turbocharging plays an important role in both diesel and natural gas engines, and must be
included in state-based models to accurately simulate the overall system dynamics. To acquire
data specific to a particular turbocharger, and process that data into lookup tables or curve fits
well suited to simulation models requires significant effort and judgement, and is perhaps one of
the more difficult tasks when implementing a state-based engine model. The goal of Part IV of
this dissertation is to improve the workflow by using a scalable approach, similar to that used in
compressor and turbine design, in order to allow a family of equipment to be modeled from data
for a single device. The non-dimensional performance data can then easily be scaled to match a

particular engine displacement and power.
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2 Dynamic Turbocharged Diesel Engine Model with Experimental Validation

Voltage and frequency control for micro-grid and distributed energy systems has received recent
attention in research, where reduced inertia of the electrical system results in challenges
maintaining power quality during transient events induced by rapid change in renewable energy
production or load [5] [6] [7] [10] [13]. Steady state engine models validated for fuel economy
prediction exist and are utilized for simulations targeting minimized fuel consumption or
maximized islanding time of wind diesel hybrid systems [9] [17]. An engine model validated
against experimental data collected during a transient event such as a significant load step is
difficult to find in the literature. In dynamic auxiliary power supply models, the engine is
frequently modeled as a torque source driven by transfer functions representing the control
system, actuator response and an ignition delay [18] [19]. This type of model simplifies system
dynamics and does not model advanced control functions common in modern engines such as
gain schedules and air fuel ratio limits. This chapter illustrates the limitations of simplified
dynamic engine models, describes a state-based diesel engine model with multistage
turbocharging and advanced control functions, and compares performance of the state-based

model with the simplified model and experimental data during transient loading.

This study compares two engine models, the simplified model shown in Figure 2-1, and a state
based engine model shown in Figure 2-5. The simplified model consists of transfer functions
which model the response of a droop governor controller and actuator, and a fixed time delay to
model the combustion and torque production of the engine. This model is commonly used in
power system studies [6] [18] [19] and other transient studies. The state based model was

developed at CSU to investigate dynamics during load acceptance of diesel generators in power
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systems, and shifting events in high horsepower drivelines such as those used in hydraulic

fracturing.

To ground the modeling work, transient response experiments were performed using equipment
at CSU’s Powerhouse engine test facility on a Cummins QSK50 diesel engine descried in Table
2-1. The engine was instrumented to measure engine speed, brake torque, gas temperatures and
pressures throughout the intake and exhaust systems, air mass flow rate, fuel mass flow rate, and
turbocharger rotor speeds. To perform the tests additional torque was applied at a selected ramp

rate from a base load to a final load while the commanded engine speed was fixed as described in

Table 2-2. The ramp rates were selected using caution to avoid engine shutdowns and potential

damage.

The remainder of this Part is structured in 3 sections. Section 2.1 - Limitations of Ideal Torque
Response Models describes a simplified engine model commonly utilized for simulation studies
in power systems and industrial applications, and compares that engine model to the
experimental data. Section 2.2 - State Based Diesel Model describes the advanced state based
model and controller. Section 2.3 - State Based Model Validation and Results compares the state

based model against the experimental data and response of the simplified model.
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Table 2-1: Test engine description

Make Cummins
Model QSKH50 Diesel
Emissions Certification Tier 2
Displacement 50 L
Number of Cylinders 16
Turbocharging Two-Stage Aftercooled
Rated Power 2500 hp @ 1900 rpm
Peak Torque 7081 Ib-ft @ 1500 rpm

Table 2-2: Description of transient experimental test points

Point # | Ramp Rate Initial — Final

(Ib-ft/sec) Torque
(Ib-ft)

1 294 700 - 3700

2 500 700 — 3700

3 833 700 — 3700

4 833 700 - 2200

5 833 2200-3700

6 833 3700-5200

2.1 Limitations of Ideal Torque Response Models

In the simplest form, a dynamic engine model is a torque source acting on a rotating inertial
mass. The torque level produced by the engine is controlled by feedback from the rotational
speed of the inertia. One such engine model employed frequently in dynamic power system
studies is shown in Figure 2-1. Transfer functions are used to model the response of the control
system and actuator before providing a torque or power output to the inertia. This model has

three significant limitations in transient applications:
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Figure 2-1: Simplified dynamic engine model from SimPower

1) The model is idealized for small steps where the engine can accept the load without
encountering controller limits which protect the engine from wear and/or reduce emissions.
Internal engine states, which may limit torque production under certain conditions, are not
modeled. This limits the model to applications in which the variations in load are small relative
to engine power. This point is discussed further including reference to experimental data in
subsection 2.1.1.

2) Experimental data shows a different response at low load levels than higher loads. The
simplified model does not vary transfer function time constants to account for different response
characteristics at low load. This point is discussed further including reference to experimental
data in subsection 2.1.2.

3) The maximum torque limit appearing as the upper saturation limit of the integrator in the
model is not a function of engine speed. Instead, the model can produce the rated torque at any
engine speed. This limits the model to fixed speed applications where deviations from the fixed
speed are small. Several scenarios exist where the primary interest is load acceptance during a
transient that includes variable speed operation. Shifting gears in a transmission powering a high
pressure pump or in a heavy duty vehicle is an example. As the new gear is engaged in these
applications the torque production and commanded engine speed are adjusted simultaneously,

requiring the engine to produce similar brake power at a new combination of speed and torque.

17



Although variable speed operation is not critical to micro-grid models, implementing a model
capable of variable speed operation will extend the utility of the model to include these

applications.

2.1.1 Controller Smoke Limit

Modern engines incorporate feedback from engine performance to engage alternate control paths
at times. One such example is a smoke limit in which the controller limits fuel addition when the
air-fuel mixture exceeds a rich limit. This saturation of fuel rate limits the torque production
until the turbocharger rotor accelerates to provide sufficient combustion air. This limit was
encountered during transient response testing at Colorado State University when a torque ramp
was applied by the dynamometer from 700 ft-Ib to 3700 ft-1b (10% - 53% maximum torque)

using ramp rates of 294, 500, and 833 ft-Ib/sec (4.2%/sec, 7.1%/sec, and 12%/sec).

At the lowest ramp rate the smoke limit was not encountered. Figure 2-2 shows the applied
torque and measured engine speed during the transient. The maximum speed excursion
measured during the test was 2.7% from the commanded speed. The response of the simplified
engine model to the same torque ramp is overlaid in the figure and agrees well with the

experimental data experiencing a 1.6% speed excursion.

When the ramp rate was increased to 7.1%/sec the smoke limit was encountered as shown in
Figure 2-3. It is important to note this is a rare case in which the turbocharger is able to spool up
and the engine is able to recover after encountering the smoke limit without requiring the load to
be reduced. The maximum speed excursion measured during the test was 13.1%. The figure
shows the simulated response no longer captures the actual engine response when the smoke

limit is encountered, experiencing a maximum excursion of only 2.6%.
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Figure 2-2: Experimental and simulated response to a 43% torque ramp applied from 10% to

53% of maximum torque at a rate of 4.2%/sec.
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Figure 2-3: Experimental and simulated response to a 43% torque ramp applied from 10% to
53% of maximum torque at a rate of 7.1%/sec; A rare case in which the smoke limit is

encountered and the experimental engine is able to recover after a large deviation from the
commanded speed.
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When the ramp rate was increased to 12%/sec the smoke limit was encountered and resulted in a
complete engine shutdown. Unfortunately experimental data during this event is unavailable
because it occurred while debugging data acquisition equipment during preliminary testing and

was not repeated to avoid potential damage to equipment.

2.1.2 Variation in Response at Different Load Levels

To explore engine response at different load levels a torque ramp was applied starting at different
initial loads. Each ramp corresponds to approximately 20% of the available torque at the
commanded speed. Since the ramps are smaller in magnitude during this portion of testing, a
ramp rate of 833 ft-lb/sec (12%/sec) was used without encountering the smoke limit. Figure 2-4
shows the applied torque ramps, the response of the experimental engine, and the simulation

results using the simplified model.

Table 2-3 summarizes the maximum speed deviation and recovery time measured during the
experimental testing and simulation. The recovery time was taken as the time after the start of
the ramp at which the engine speed recovered to 99% of the commanded speed. The simulation
and experimental results are in good agreement during the steps performed at medium and high
loads, however the response of the experimental engine is much slower than the simulated

response during the step at low load.

Table 2-3: Speed deviation and recovery time of experimental test and simplified model during
20% torque ramp performed at different load levels

Experiment Simplified Model
Initial - Final | Speed | Recovery | Speed | Recovery
Load Deviation Time Deviation Time

10% — 31% 5.5% 6.75 sec 3.3% 3.85 sec
31% — 53% 3.6% 4,58 sec 3.1% 3.62 sec
53% - 74% 2.9% 4.54 sec 3.9% 3.53 sec
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Figure 2-4: Experimental and simulated engine speed during a 20% torque ramp performed at
different load levels
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2.2  State Based Diesel Model

The state based model follows the mean torque production approach [30] [31] with the addition
of multi-stage turbocharging, and simplification of the intercooler, combustion and exhaust
manifold models. Pulsation due to combustion in individual cylinders is not resolved by the
model; instead it represents pressures, temperatures and flowrates averaged over an entire engine
cycle. The completed mean value model consists of several non-linear algebraic relations based
on empirical data and first order differential equations representing state equations for manifolds.
The main components included in the model are shown in Figure 2-5. The submodels for these
components are described in detail in the following sections. Four gas states defined by
temperature and pressure are associated with the compressor interstage, intake manifold, exhaust
manifold, and turbine interstage. Three rotational states are included in the model associated
with the turbocharger rotors and the engine crankshaft. A PID based governor model
incorporating a max fueling curve, air-fuel based smoke limit and gain scheduling is included to

control the fueling input.
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Figure 2-5: Two stage turbocharged diesel engine model schematic

2.2.1 Compressor

A scalable approach to compressor performance is implemented as discussed in detail in Part IV.

. . P
The rotor speed, wy, compressor diameter, D, pressure ratio across the compressor, (—d) :
u’ actual

compressor inlet temperature, T,,, and the gas properties, y & R, are used to calculate the pressure

index, P;q,, and rotor tip Mach number, cq c.
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Lookup tables are then used to evaluate the non-dimensional compressor mass flow coefficient
Dc = f(Pl-dx , Co,c) and compressor isentropic efficiency, n¢ = f(Piax » Co,c)- The mass flow

rate through the compressor, m, is calculated from the non-dimensional compressor mass flow

coefficient.

_ Pu(Z)CDc2
RT,

The temperature of the gas leaving the compressor outlet, T¢ ,,,, and the torque required to drive

the compressor, 7., are calculated from isentropic efficiency relations as in [30].

y—1
~ 1| P\ T
TC,out =T,s1+ E P_ -1 (12)
u
. y=1
e = mC, Ty (&) v 1
NeWTrc Pu

(13)

2.2.2 Turbine

The turbine is modeled similar to the compressor using the scalable non-dimensional approach in

Part IV. The rotor tip Mach number, ¢y = @1eDT i calculated and used with the expansion

VYRTy ’

ratio across the turbine, P—“ to evaluate the non-dimensional turbine mass flow coefficient,
d
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Or=f (i—“, Co.r), and efficiency, nr = f(;)—”, co1). Mass flow through the turbine is calculated
d d

from the non-dimensional mass flow coefficient.

P,®D2
ity = uYrlT (14)
RT,

The torque applied to the turbocharger rotor, 74, and the temperature of the gas leaving the

turbine, Tr ., are calculated using isentropic relations.

y-1
mC,T, P\ v
TT=M 1_<_d) 4 (15)
Wrc Py
p y-1
d\ Y
Trouw =Tu| 140e( () " =1 (16)

u

2.2.3 Turbocharger Rotor
The acceleration of the rotor is computed from a torque balance between the compressor and
turbine neglecting bearing friction.

dwre Tr—T¢
dt Jrc

17)
The rotor speed is then computed by numerical integration from the initial condition.
2.2.4 Adiabatic Plenums

The plenums between compressor stages and turbine stages, as well as the exhaust manifold are

modeled as adiabatic constant volume chambers. Inlet and outlet energy flows are modeled as

Qin = minCpTin and Qout = mouthTi-

Two first order differential equations can be derived from the ideal gas equation.
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(Oon = Qo) =22 (0) (19

The temperature and pressure of the plenums are then solved for by numerical integration of (18)
and (19) from an initial condition. Table 2-4 lists the values which m,,, myy:, Tin, T;, P; and V;

take for each adiabatic plenum.

Table 2-4: Definition of terms in each adiabatic plenum

Plenum m;, Mgy Tin T; P; V;
Compressor Mc Lp Me,pp Tcout,Lp T Py Vi
Interstage
Exhaust Mexn My up Toxn T5 Py V3
Manifold
Turbine mMr pp mr p T outHP T, P, Vy
Interstage

2.2.5 Intercooler/Intake Manifold

On many stationary engines the intercooler is oversized and remarkably effective at maintaining
a set point temperature with only minor fluctuations even during a transient event. Therefore the
intercooler and intake manifold are modeled as a single volume similar to the adiabatic plenum,
however heat is removed to maintain a constant temperature. This assumption also neglects

pressure drop across the intercooler which was seen to be relatively small in experimental data.

(dpz) _ (mc ,HP - ma)RTZ (20)
dt v,

2.2.6  Combustion and Torque Production

Engine load, L, is calculated as the brake torque normalized by the maximum torque available at
the current engine speed, and is used as an index for the volumetric efficiency, indicated thermal
efficiency and exhaust temperature maps.
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Tyax = f(N) (21)

T
L=-—2

(22)

TMmax

Empirical lookup tables indexed by speed and load are generated from steady state data and
implemented for volumetric efficiency, n, = f(N, L), indicated thermal efficiency, Ny, =

f(N, L), and exhaust temperature, Texp, = f(N, L).

Air mass flow rate into the combustor, m,, is calculated using the “speed-density”” equation.

NvP2VaN
_ 23
Ma =770 (23)
I (24)
P2 = RT,

The mass flow rate of exhaust gas, m,.,, is calculated by mass conservation of intake air and

fuel.

Mexn = Mg + My (25)
The thermal efficiency, engine speed, fuel mass flow rate and lower heating value are used to

calculate the indicated torque produced.

mesLHV
S U il (26)
w
A linear approximation of friction torque internal to the engine is included [35]. The brake
torque applied to the crankshaft is calculated as the difference of the indicated torque and the

friction torque.

Tp = 15 — Tf (27)
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The acceleration of the crankshaft is calculated based on a torque balance between the brake

torque generated by the engine and the retarding torque applied by the load.

dw _ TB 7 Tioad

= (28)

The shaft speed is then computed by numerical integration from the initial condition.

2.2.7 Governor with Smoke Limit and Gain Schedule
The governor implemented in the model includes a smoke limit, maximum fueling curve and

gain schedule as shown in Figure 2-6. An upper limit on fueling based on the measured air mass

flow rate and minimum air-fuel ratio is calculated as my gnoke = I::Ln—il A maximum fueling table
is used to determine the maximum fuel rate as a function of engine speed, My ; mqx = f(w). The
minimum of 7 ¢0ke aNd 7115 7 14, IS passed to the PID controller as an upper saturation limit
on the controller output, 1if 4, = MIN(Tf smoke » Mz max)- The PID controller includes a
clamping anti-windup method. The proportional and integral gains are selected from the gain

schedule as a function of load, [Gp, G;] = f (L), and passed to the PID control. The PID acts on

the error in engine speed, w, = w — wg,;, and outputs fuel mass flow rate.
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Figure 2-6: Governor schematic including air-fuel ratio limit, max fueling curve and gain

schedule

State Based Model Validation and Results

Performance and geometry parameters for the state based model were generated using steady

state data from the test engine. Steady state validation was performed to ensure the model was

able to predict gas temperatures and pressures, turbocharger rotor speeds, air mass flow rates and
fuel mass flow rates within 15% of experimental data across the majority of the engine operating
region. The smoke limit was approximated and governor gains were identified independently for

low load operation below 30% max torque and high load operation above 30% max torque using

the transient data set.
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The remainder of this section is broken into two parts. In section 2.3.1 several torque ramps of
increasing ramp rate are applied to the engine model to illustrate the response when the smoke
limit is encountered. In section 2.3.2 the model is loaded using the torque ramps from Figure 2-4

to illustrate the improvement over the simplified model by incorporating the gain schedule.

2.3.1 Encountering the Smoke Limit

To illustrate the model encountering the smoke limit a 30% load ramp was applied to the state
based model at ramp rates of 4.3 %/sec, 8.6 %/sec, and 12.9 %/sec as shown in Figure 2-7. The
simulated engine response is shown as a percent of the commanded engine speed for each torque
ramp. The air-fuel ratio is also included in the figure. The maximum speed deviation and

recovery time for each ramp are summarized in Table 2-5.

As load is applied at 4.3%/sec the air-fuel ratio gradually decreases. The air-fuel ratio just hits
the smoke limit as the torque ramp reaches the final steady value. As the turbocharger accelerates
and provides more boost across the compressor the air fuel ratio rises and the engine stabilizes at

a new steady state.

At a ramp rate of 8.6%/sec the air-fuel ratio approaches the smoke limit much faster. When the
smoke limit is encountered the air-fuel ratio is held constant by the controller, causing the engine
speed to drop further than seen during the lower ramp rate. As the turbocharger accelerates and
provides more combustion air the controller adds more fuel to maintain the air-fuel ratio and the
engine speed begins to recover. As engine speed reaches the commanded speed and the
turbocharger continues to accelerate the air fuel ratio is lifted and the engine stabilizes at the new

steady state.
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Figure 2-7: State-based model response to 30% torque ramps applied at different ramp rates. At
a slow ramp rate of 4.3% maximum torque/sec the smoke limit is not encountered. At a ramp
rate of 8.6%/sec the smoke limit is encountered and the engine is able to recover. At a ramp rate
of 12.9%/sec the smoke limit is encountered resulting in a complete shutdown of the engine.
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At a ramp rate of 12.9%/sec the air-fuel ratio rapidly drops until reaching the smoke limit. As
the engine speed drops the turbocharger cannot provide sufficient combustion air to allow the
engine to recover. As the engine speed drops, so does the boost provided by the turbocharger.
The air fuel ratio is maintained at the rich limit by reducing fueling with the decreasing air flow
rate, causing the engine speed to decelerate even more rapidly and finally resulting in a complete

shutdown of the engine.

Table 2-5: Simulated speed deviation and recovery time during 30% torque ramp performed at
different ramp rates

Ramp Rate | Speed Deviation | Recovery Time
4.3%]/sec 3.3% 8.3 sec
8.6%/sec 8.6% 14.9 sec
12.9%/sec 100% (Full shut down)

2.3.2 Response Improvement at Low Load

To illustrate the improvement over the simplified model at low load, the same torque ramps as in
section 2.1.2 were applied to the state based model. The simulated response of the state based
model is shown in Figure 2-8, and the speed deviation and recovery time during each load ramp
are summarized in Table 2-6. By comparing the values to those of the simplified model in Table
2-3 it is evident the addition of a gain schedule improved the agreement between the simulation

and the experimental data.

Table 2-6: Speed deviation and recovery time of experimental test and state based model during
20% torque ramp performed at low, medium and high load

Experiment State Based Model
Initial - Final | Speed | Recovery | Speed | Recovery
Load Deviation Time Deviation Time

10% — 31% 5.5% 6.7 sec 5.4% 8.2 sec
31% — 53% 3.6% 4.6 sec 3.1% 4.6 sec
53% - 74% 2.9% 4.5 sec 3.9% 4.3 sec
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Figure 2-8: Simulated response of state based model with gain schedule to 20% torque ramps
performed at low, medium and high load

2.4  Conclusions

The simplified engine model reviewed in Chapter 2.1 can provide an approximation of the
dynamic response of a diesel engine employed in microgrid applications, however does not
consider controller limits encountered during experimental transient testing. As a result the
simplified model no longer accurately predicts the maximum speed excursion or recovery time

during a load step in which these limits are encountered.

The experimental data and modeling results in this chapter suggest that a state-based model
replace the simplified model in transient applications such as black-start and unplanned islanding
of a microgrid in order to consider real limitations of diesel engines. The state-based mean value
model discussed in section 2.2 provides system states required to implement engine controllers
which include these limitations. A governor model with a smoke limit and gain schedule is
presented as an example. The smoke limit is employed to prevent the engine from running too

rich, a condition caused by increasing fueling without increasing boost supplied by the
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turbocharger sufficiently when accepting load. The gain schedule is incorporated in order to
improve the response of the engine at various loading regimes when compared to the

experimental data.

Additionally the state-based dynamic model is capable of operating across a range of engine
speeds, which extends the utility of the model to variable speed applications such as driveline

dynamics in high pressure pumping and heavy duty vehicles.
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3 Dynamic Turbocharged Natural Gas Engine

Natural gas engines generally do not perform as well as diesel engines under transient loading.
Unlike diesel engines which typically run with excess air available allowing rapid increases in
fuel rate without encountering a rich limit, the air-fuel ratio in a lean burn spark ignited natural
gas engine is controlled within a much narrower range. Excess air is required to reduce the peak
in-cylinder temperature as a method of reducing emissions of oxides of nitrogen [25] [24].
Lower combustion temperatures also improve engine efficiency by reducing heat transfer losses
[26]. Fueling can also be too lean, resulting in misfire, flame quenching, and increased
emissions of unburnt hydrocarbons [25] [27]. To avoid decreasing the power density of lean
burn engines, turbochargers are frequently used to boost intake manifold pressure. Since fueling
is controlled within a narrow range of air-fuel ratio an accurate model of the air handling system
is required to model the response of the natural gas engine during transients. The model
developed in this chapter is motivated by natural gas engines employed in two application areas:

(1) Micro-grid power systems, and (2) as the driver in hydraulic fracturing pump drivetrains.

A private report for the Marine Corps Air Station Miramar Micro-grid prepared by the National
Renewable Energy Laboratory [20] determined that Natural Gas engines were of interest to
military micro-grid applications, and that there is a need for better simulation models to represent
the transient performance of engines in the size range of 100s-1000s kW. A public report of this
effort [21] identifies the base’s reliance on natural gas as a major energy source and the interest
in 3MW of landfill gas generation. MIT Lincoln Laboratory’s report [2] also stated the NG
system is largely independent of the electrical system, so pGrids operating on NG engines could

still be considered “secure,” in the event the electrical system failed.
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The use of dedicated natural gas engines on drilling rigs is motivated by reduced emissions,
reduced cost, improved maintenance characteristics, and improved domestic energy security
[22]. Historically diesel has been the primary fuel for drilling operations due to the certainty
around diesel handling and performance [22]. Dual-fuel solutions which supplement natural gas
as a fuel in a retrofitted diesel engine have been utilized to reduce diesel fuel consumption,
reducing costs and extending run times on existing diesel tanks [23]. The driveline dynamics
when the transmission engages a new gear are very demanding on the engine and uncertainty on
natural gas engine performance during variable load operation has been a barrier to adopting
dedicated natural gas engines to this application [22]. A model is needed to simulate the
response of the engine during these transients to develop control strategies that may enable the

natural gas engine to be utilized in this application.

3.1  State-Based Natural Gas Model

A state-based mean valued model of a turbocharged spark-ignited natural gas engine is presented
in this chapter. The model includes a single stage turbocharger, throttle, and air-fuel controller
as shown in the schematic in Figure 3-1. Much of the model is adapted from the diesel engine
model presented in Part I1l. The key differences are (1) the division of the intercooler and intake
manifold into two volumes separated by the throttle, and (2) the replacement of the governor

with a constant air-fuel ratio controller.
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Figure 3-1: Turbocharged lean-burn natural gas model schematic including primary components

3.1.1 Throttle
The engine speed control is performed by the throttle as illustrated in Figure 3-2. The throttle
position, x, is controlled by a PID controller saturated between 0 (fully closed) and 1 (fully

open). The PID responds to the difference between the commanded engine speed and the
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measured engine speed by opening and closing the throttle. The model uses a constant discharge

coefficient, Cp, and a lookup table relating the throttle position to throttle area, A = f(x7).

Intercooler
wset
> W, Xr A
— ¥ PID p—r /
—»
w
Avs.xr
Intake
Manifold

Figure 3-2: Throttle schematic including PID position controller, throttle area lookup table, and
variable area orifice.

The flow through the throttle is modeled as a variable area orifice located between the
intercooler and the intake manifold. Choked, sub-sonic and laminar flow regimes are included
and selected as a function of pressure ratio [36]. A critical pressure ratio at which the flow

becomes choked is calculated as:

2\ (29)
B, = |—
r (y + 1)
If the pressure ratio I;—d < B., the choked mass flow rate is calculated as
y i (30)
m = CpAP, R_nB”y
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. P . .
If the pressure ratio P—"’ > B, the mass flow rate is subsonic and calculated as:
u

31)

y+1

2
2]/ Pd Y Pd Y
A . —D\\B,/) " \B

If the pressure ratio is above a laminar limit, P—“ > B m, the laminar mass flow is calculated as:
d

2y 2 rit (32)
-0. Y Y
CpAT, 05 m <Blam - Blam)

1- Blam

m =

The energy transferred from the upstream volume (intercooler) through the orifice to the

downstream volume (intake manifold) is calculated as:
Q = mCpT, (33)

3.1.2 Fuel Valve

The air-fuel ratio in a lean-burn natural gas engine is controlled within a narrow range. A rich
limit is in place to reduce peak cylinder temperature (a mechanism to reduce NOx emissions and
improve efficiency) and a lean limit to avoid engine misfire. The fuel valve model maintains a
constant air-fuel ratio provided to the combustor. The air flow rate into the combustor is
measured and the fuel rate is calculated using the commanded air-fuel ratio. By adjusting the
throttle position the air flow rate through the engine responds, and therefore the fuel addition and
torque production of the engine. An air fuel ratio of 27.5 was identified from steady state

experimental data and used in simulation.
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3.2  Natural Gas Model Validation and Results

Steady state data from a Cummins QSK60G operating at 50%, 75%, 90%, and 100% load is used
to validate the natural gas engine model. This engine is typically employed in constant speed
applications in power generation, limiting data to a single speed, 1800 rpm. Figure 3-3 shows
steady state error in air mass flow rate during simulation. Steady state error in fuel rate, air-fuel

ratio, and exhaust temperature are shown in Figure 3-4 through Figure 3-6 respectively.
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Figure 3-3: Natural gas model validation — Steady state error in air mass flow rate at 50%, 75%,
90% and 100% load
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Figure 3-4: Natural gas model validation — Steady state error in fuel mass flow rate at 50%, 75%,
90% and 100% load
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Figure 3-5: Natural gas model validation —Steady state error in air-fuel ratio at 50%, 75%, 90%
and 100% load
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