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Executive Summary

Distributed generation (DG) is any small-scale electrical power generation technology
that provides electric power at or near the load site; it is either interconnected to the
distribution system, directly to the consumer’s facilities, or to both. Developments in
small-scale power generation technologies, ranging from reciprocating engines to micro
turbines to fuel cells, provide credibility for DG’s central premise of electric-power
generation at or near load centers. The effect of the penetration of DG’s in the
distribution system on system stability, their interconnection with the utility, coordination
of protection schemes and their control needs to be understood. A multitude of different
technologies such as PV, solar, fuel cell, batteries, wind, microturbines, IC engines etc
which can be used as prime movers for DG make this issue a complex challenge.

The objective of this work is to determine how an internal combustion (IC) engine driven
wound field synchronous genset can be used most effectively as a DG in a microgrid
environment.The genset operates synchronously which implies that the speed of the
engine needs to be regulated within a narrow range to ensure that the terminal voltages
meet the desired power quality standards. The focus of this work is to study the modeling
and control issues related to IC engine driven wound field synchronous generators for
their operation in a distribution system that contains multiple DG’s. A special challenge
posed by the genset is the fact that its dynamic response is considerably slower than that
of several other types of DG sources that have much faster power electronic interfaces to
the microgrid. Conventional IC engine gensets utilize a voltage regulator that controls the

terminal voltage to a fixed value. In a distribution system like the microgrid that has
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multiple sources, the regulation of the voltage to a constant value results in large
circulating VAR’s in the system. These circulating VAR’s decrease efficiency of the
system and increase the rating of components.

To improve the performance of the genset for operation in a microgrid environment this
work presents the design of a state variable controller based on a system observer. The
state variable controller incorporates droop curves on real and reactive power that enable
the IC engine genset to respond to load changes and interact with other sources in the
absence of any form of communication system. The operation of the observer and
controller are demonstrated using simulation and experimental tests. The results of the
tests show that using the proposed controller the IC engine based genset is able to interact
with other sources during load changes and maintain system frequency and voltage
within prescribed limits and maintain power quality in the microgrid system. The genset
is able to reduce the circulating reactive power in the system and share load more evenly
with other sources. The proposed controller enhances the integration of the diesel genset
into the microgrid environment.

The work also investigates the effects of line starting induction machines in a microgrid
setup with diverse sources. Using machine scaling laws the required starting kVA for a
large range of induction machines was calculated and guidelines are presented on sizing
the induction machine that can be started in such a manner in microgrids.

The work also presents a stability analysis of the microgrid system based on Lyapunov’s
first method. The resulting analysis shows that for the operating conditions studied, the
system is stable with all eigenvalues in the left half plane for variations in power

frequency droop value as well as power reference.



il
Finally the work looks at the applicability of the control scheme for gensets of different
ratings. The work quantifies the change in frequency during the engine delay for a step

load change for machines with higher power ratings. A discussion on the tuning of the

controller gains for higher rating gensets is also presented
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CHAPTER 1. Introduction

Deregulation at the federal, state, and local levels is creating significant changes in the
electric power industry. The goal of deregulation is to create a competitive market where
businesses succeed by meeting customer demands such as lower electricity prices, and
increased energy efficiency. Amid these major industry changes, technology
advancements have positioned distributed generation (DG) as a potentially major
transformational force. Developments in small-scale power generation technologies,
ranging from reciprocating engines to micro turbines to fuel cells, provide credibility for
DG’s central premise of electric-power generation at or near load centers. The DG
approach to power generation and delivery represents a viable complementary or

alternative paradigm to the conventional central power generation model.

1.1 Discussion of research need

With growing consumer demand the current electric power grid infrastructure is been
utilized to its maximum capacity. Growing environmental concerns as well as constraints
of right of way have prevented the generation and transmission networks from keeping
pace with increased demand [1]. This has resulted in congestion of the transmission
system and operation of the power grid near its stability limit. To relieve the congestion
and to reduce the stress on the power grid system planners have been favoring the use of

distributed generators located near the loads [2].



According to the Distributed Energy Program office of the DOE, “The United States will
have the cleanest and most efficient and reliable energy system in the world by
maximizing the use of affordable distributed energy resources.” The program estimates
that distributed power has the potential to capture up to 20% of all new generating
capacity, or 35 Gigawatts (GW), over the next two decades [2]. The Electric Power
Research Institute estimates that the DG market could amount to 2.5 to 5 GW/year by
2010. The effect of the high penetration of DG’s in the distribution system on system
stability, their interconnection with the utility, coordination of protection schemes and
control needs to be understood. The aggregation of DG’s in a local distribution system
has been the subject of intense research over the last five years. A multitude of different
technologies such as PV, solar, fuel cell, batteries, wind microturbines, IC engines etc

which can be used as prime movers for DG make this issue a complex challenge.

Gensets consist of a diesel-based IC engine and a synchronous generator coupled on the
same shaft. Such systems are widely used as backup or emergency power in commercial
as well as industrial installations. Standby generators historically have used wound field
synchronous machines connected to either diesel or gas engines. No inverter is needed as
the machine provides the AC voltage of the desired frequency as long as the speed of the
shaft is kept at a fixed value. One of the primary drawbacks of this system is that without
the inverter front end the dynamics of the prime mover cannot be decoupled from the
output of the generator. The reduced cost of the system due to the absence of the power

electronic front end is one of the major advantages. The feasibility of using IC engine



based gensets in a microgrid environment and the necessary modifications to the engine

governor and the generator voltage regulator is the focus of this research effort.

1.2 Research objectives

The focus of this work is to study the modeling and control issues related to IC engine
driven wound field synchronous generators for their operation in a microgrid. The
interaction and integration of such distributed resources with sources that have a power
electronic front end will be studied. The use of real power — frequency droop and reactive
power — terminal voltage droop curves in the genset to maintain power quality and
stability in the microgrid during islanded and grid connection without the need for an
external communication system will be demonstrated. A state variable controller that
utilizes local measurements and an observer to estimate the state of system has been
developed. This controller enables the genset to share load with other sources in the
system and keep circulating reactive power in check without the need for an external
communication network in the system. The response of the genset controller scheme to
load changes and islanding events has been shown using simulation studies and is also
validated experimentally. The scaling of the controller scheme with power level and the
issues related to modeling gensets of different power levels is also discussed. This work
also examines the effects of starting induction machines in microgrids and provides
estimates for the starting kVA requirements using machine scaling laws. Finally an
operating point analysis of the microgrid system with inverter and genset based sources is
carried out and a discussion on the stability of the system based on Lyapunov’s first

method is also presented.



1.3 Summary

The report is organized as follows:

Chapter 2 contains a detailed literature review of the various aspects covered in this
research work. The state of the art in distributed resources, microgrids and IC engine
modeling and control is examined and the motivation for the use of IC engine driven
wound field synchronous generators as a distributed resource is presented.

Chapter 3 describes the modeling of the individual components of the IC engine genset.
The procedure is used to develop a physical model for a Kohler diesel genset that has
been installed in the UW-Microgrid test setup. The genset will be used to experimentally
verify the key control concepts presented in this work.

Chapter 4 describes the various components in the UW-Microgrid test setup. Test results
used to characterize the machine based on the models in Chapter 3 are also included here.
Chapter 5 explains the simulation model developed for the genset in the EMTP
simulation environment. Simulation and experimental results for the genset operating in
an isolated system as well as in a microgrid system with other sources are contained in
this chapter. Based on these results the motivation for improving the voltage regulator
and governor is presented.

Chapter 6 describes the modified controller that has been designed for the genset. It
presents the design of the observer for the genset system and the design of the state
variable controller in the continuous time domain. The improved performance of the
genset using the modified controller is also demonstrated in this chapter using simulation

and validated using experimental results.



Chapter 7 discusses the issues related to staring induction machines in a microgrid
environment and presents analysis based on scaling laws on the starting kVA required.
The chapter also presents some general guidelines on the size of induction machines that
can be line started in a microgrid.

Chapter 8 contains a detailed operating point analysis of the microgrid system containing
inverter based sources as well as IC engine based gensets. The eigenvalues of the system
at steady state are calculated for various operating points and the stability of the system is
analyzed by examining their real part.

Chapter 9 discusses the issues related to scaling of the controller with genset power
rating. This report presents detailed analysis and design of the controller for a specific
rating genset and this chapter looks at the various issues related to using this scheme for

other genset ratings.



CHAPTER 2. State of the art review

Conventionally power generation has been provided by large (100°s of MW) coal fired or
nuclear power plants that are located at a considerable distance from the load centers. The
power plants feed the power that they produce into a network of lines known as the
transmission network (Fig. 1). The transmission network is an integral part of the power
system and its need arises due to the geographical separation between the generating
stations and the consumer load. The transmission lines carry the power at high voltage to
reduce losses. The distribution system refers to the lines and equipment that supply
electric power to the consumer. The distribution system is connected to the transmission

system at substations that step down the voltage and also have metering and protection

equipment.
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Fig. 1: Typical structure of the traditional electric power system [5]

With growing consumer demand the current generation, transmission and distribution

facilities are being utilized to their maximum capacity. Growing environmental concerns



as well as constraints of right of way have prevented the generation and transmission
networks from keeping pace with increased demand [1]. This has resulted in congestion
of the transmission system and operation of the power grid near its stability limit. To
relieve the congestion and to reduce the stress on the power grid system planners have

been favoring the use of distributed generators located near the loads [2].

2.1 Distributed generation

Distributed Generation (DG) refers to the use of small electric generators located near
consumer loads to supply their power demand. The concept of using local generators is
not new and has been traditionally used in backup and standby applications for providing
emergency power. These sources are activated when the utility fails and provide power to
the critical systems in the consumer’s installation. The utilization of local generators to
supplement grid power during its availability to improve power and quality and reliability
is new and forms the basis for the DG concept. The difference between conventional
generators and distributed generators can be attributed to their power levels. The exact
range of output power that defines a DG varies and depends primarily on the organization
defining it [16]. Typically distributed generators have an output that ranges from several

kW to few MW’s.
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Prime movers for distributed generators are varied and can either use renewable or no-
renewable energy sources. Sources such as natural gas based microturbines, fuel cells,
PV panels, wind turbines use a power electronic interface on the front end to provide the
necessary AC voltage at the utility frequency which is either S0Hz or 60Hz. The generic
structure of microsource that uses power electronic inverter is shown in Fig. 2.For
sources with AC output such as high speed microturbines [6] the voltages are first
rectified to produce a DC output and inverted to produce the desired AC voltage and
frequency. The inverter is typically a voltage source converter and provides the necessary
controls over the phase and magnitude of the bus voltage. Storage can be added at the DC
bus to decouple the dynamics of the prime mover from the output [23]. Sources such as
fuel cells and PV panels produce DC directly and only an inverter is needed to produce
AC output at desired voltage and frequency.

From Table 1 we can see that conventional diesel/gas gensets have the lowest capital cost
among the various DG technologies. The O&M costs shown in Table 1 do not account

for the cost of fuel and would have to be considered for an overall economic evaluation.



The lower capital costs for IC engine based gensets and their high energy density have

been the chief driving forces for their investigation as DG sources.

Diesel/Gas genset | Microturbine | Photovoltaic | Wind turbine | Fuel cell

Efficiency 35% 29-42% 6-19% 25% 40-57%
Energy density
50 59 0.02 0.01 1-3
kW/m’
Capital cost
200-350 450-870 6600 1000 3750
$/kW
O&M Cost *
0.01 0.005-0.0065 | 0.001-0.004 0.01 0.0017
$/kW

Table 1 : Comparison of DG Technologies [3]

* O&M cost does not include fuel cost

2.2 IC engine based genset as a distributed generator

Gensets consist of a diesel or gas based IC engine and a synchronous generator coupled

together on the same shaft. Such systems are widely used as backup or emergency power

in commercial as well as industrial installations. Gensets are typically classified based on
the output rating and annual hours of operation as [7]:

* Standby: Output available with varying load for the duration of the interruption of

the normal source power. Maximum expected usage equals 500 hours a year.

Standby power in accordance with [ISO8528.
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* Prime: Output available with varying load for an unlimited time. Prime power in
accordance with ISO8528. 10% overload power in accordance with 1SO3046,
AS2789 and BS5514 is available for emergency use for a maximum of 1 hour in
12, but for no more than 25 hours per year

* Continuous: Output available without varying load for an unlimited time.

Gensets used in prime and continuous applications are typically designed to operate at a
higher efficiency as in the long run the fuel costs will dominate the initial capital costs.
Such systems are heavily used in remote locations where it is economically expensive to

have power from a utility connected to a large grid.

The generator in the genset can in principle either be a permanent magnet or a wound
field synchronous machine. In the case of a permanent magnet generator the front end
consists of a rectifier and a voltage source converter to provide the necessary AC voltage
at the desired frequency [8-11]. The presence of a power electronic front end does
increase the overall cost of the system and decreases its fault tolerance. However the
presence of the inverter enables non-synchronous operation of the engine which has the
potential of increased power density and higher efficiency [8-11]. Machines with wound
field generators have an exciter and a voltage regulator to control the AC voltage
produced by the machine. No inverter is needed as the machine provides the AC voltage
of the desired frequency as long as the speed of the shaft is kept around a fixed value.
However one of the primary drawbacks of this system is that without the inverter front

end the dynamics of the prime mover cannot be decoupled from the output of the
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generator. The reduced cost of the system due to the absence of the power electronic front

end is one of the major advantages.

Wound field synchronous generators are the most prevalent type of generator used in the
electric power system. Most large power plants have these generators connected to either
steam or hydraulic turbines and form the backbone of the electric power grid. In the
power grid several of these generators are connected via the transmission network to
form a synchronous connection which improves the reliability of the network.
Interconnecting various generators increases the overall inertia of the system and
improves dynamic stability. The effect of the loss of one generator or load on the whole
system is negligible. When the demand on the grid changes, the effect on individual
generators and especially on their speed is small. For such small changes the prime
mover output gradually changes to meet the new demand and restore the frequency to its
nominal value. Time constants for steam and hydraulic prime movers are quite long and
typically are several minutes [68]. Hence in dynamic studies it is acceptable to assume
that the output of the prime mover is constant during various events. For large
interruptions where the frequency change is more dramatic [1] the generators are
configured to trip themselves out of the network. Machines with wound field generators
have an exciter and a voltage regulator to control the AC voltage produced by the
machine and a governor to regulate the speed of the shaft. The design of the voltage
regulator and the governor and their effect on power system stability has been studied in

detail in the past [72-74].
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The operation of a wound field synchronous generator driven by an IC engine based
genset in a distribution system is quite different in comparison to the operation of those
driven by large steam or hydraulic turbines. In a distribution system as the rating of each
generator is comparable to the size of individual loads in the system the loss of even a
single load causes significant changes in the system frequency. The response of the IC
engine prime mover is much faster than the large steam and hydraulic turbines and its
output cannot be considered to be constant during load changes. The effect of the
response of the governor and prime mover must be accounted for in the analysis of
distribution systems with such resources. The DG’s present in the system must respond to
load changes and meet the demand instead of tripping and disconnecting from the system
which would defeat the purpose of having them in the first place. The addition of a power
electronic converter with storage on the DC bus provides a convenient method to
decouple the dynamics of the IC engine prime mover [23] from the output terminals but

results in a significant cost increment.

2.3 Microgrid state of the art

According to the Distributed Power Coalition of America (DPCA), research indicates that
distributed power has the potential to capture up to 20% of all new generating capacity,
or 35 Gigawatts (GW), over the next two decades [2]. The Electric Power Research
Institute estimates that the DG market could amount to 2.5 to 5 GW/year by 2010. The
effect of the high penetration of DG’s in the distribution system on system stability, their
interconnection with the utility, coordination of protection schemes and control needs to

be understood. One of the chief concerns of regulators and policy makers is whether the
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inclusion of DG would necessitate the complete overhaul of the existing distribution
system. This dramatic and expensive change would hinder the development of DG
technology and prevent its benefits from being fully realized. For example in traditional
systems the flow of power is from the utility to the load. With the presence of local
generation the direction of power flow is not fixed and could vary depending on the
output of local generators and load. In such a scenario the operation of conventional
protection schemes would be compromised as they are designed using a fixed direction of
power flow in radial systems. Hence to fully utilize the benefits of DG the design of
distribution systems needs to be revisited and a method to incorporate them in the least
disruptive fashion needs to be devised.
The connection of DG to the utility systems must conform to specific regulations and
SCC21 is the committee within IEEE which has been assigned the task of defining these
requirements. The IEEE 1547 standard being developed by the committee focuses on
establishing criteria and requirements for connecting local generators to the area electric
power systems (EPS). As per the Energy Policy Act of 2005 [12], Section 1254,
"Interconnection services shall be offered based upon the standards developed by the
Institute of Electrical and Electronics Engineers: IEEE Standard 1547 for
Interconnecting Distributed Resources With Electric Power Systems, as they may be
amended from time to time."” Some of the guidelines presented in the standard specific to
the interconnection are:

* The interconnection system paralleling-device shall be capable of withstanding

220% of the interconnection system rated voltage.
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*  The distributed resource (DR) unit shall cease to energize the Area electric power
system (EPS) for faults on the Area EPS circuit to which it is connected.
* For a given range of abnormal voltages and frequencies in area EPS the
interconnection system must disconnect within a specified clearing time.
* export of real or reactive power by the DR to the Area EPS is not permitted
The guidelines presented above need to be implemented on the interconnection of each
DG to the grid and represent a significant expense and barrier to the high penetration of
local generation in the distribution system. The aggregation of DG’s in a local
distribution system has been the subject of intense research over the last five years [13 -
15]. A multitude of different technologies such as PV, solar, fuel cell, batteries, wind

microturbines, diesel engines, gas engines etc make this issue a complex challenge.
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In [13] the operation of a distribution system with micro-turbine, gas engine and battery
energy storage system has been studied and is shown in Fig. 3. The control of the system
is through a master controller which communicates with each source using dedicated
communication lines. A high bandwidth communication interface is wused for
implementing the real time control algorithm. The power dispatch of each unit is handled
by the controller which factors in the load demand and the capability and dynamic
response of each distributed resource. The presence of a communication interface
significantly increases the cost of deploying DG’s in the system. Each time a new source
is added a new line needs to be installed and the capability of the master controller needs
to be updated. Loss of the master controller due to internal faults will severely impair the
operation of the system. A centralized controller with communication channel has also
been used in [14]. In this approach knowledge of the system real and reactive load from a

load forecast is required for the proper dispatch of the distributed resources.

The Microgrid concept presented by CERTS [19] is an advanced approach for enabling
integration of, in principle, an unlimited quantity of distributed resources into the
electricity grid in a cost-effective fashion. The CERTS Microgrid [18-19] (henceforth
referred to simply as the microgrid) refers to a collection of sensitive loads and sources
connected to the utility via a static switch as shown in Fig. 4. The sources in the
microgrid are distributed generators that can be locally dispatched and controlled. The
aim of the microgrid is to improve the quality of power seen by the load and to improve
the reliability of the supply. To the utility the microgrid appears as a single controllable

supply that responds dynamically to changes in the transmission and distribution system.



The major features of the CERTS Microgrid are:

1.

2.

Peer to peer environment

No explicit communication system
Plug and play

Scalable system

CHP to improve efficiency

Smooth transfer between island and grid connected operation

é

Fig. 4: Typical structure of a Microgrid [20]
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The Microgrid has two main components, the static switch and the microsource. The

static switch has the ability to autonomously island the microgrid from disturbances such
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as faults, IEEE 1547 events or power quality events. After islanding, the reconnection of
the microgrid is achieved autonomously after the tripping event is no longer present. This
synchronization is achieved by using the frequency difference between the islanded
microgrid and the utility grid. Each microsource can seamlessly balance the power on the

islanded microgrid using a power vs. frequency droop controller (Fig. 5).
Frequency
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Fig. 5 : Real power droop curve for power sharing between microsources

In a microgrid there is no “master” controller or source. Each of the sources are
connected in a peer to peer fashion and a decentralized control scheme is implemented.
This arrangement increases the reliability of the system in comparison to having a
master-slave or centralized control scheme. In the case of master-slave controller
architecture [13] the failure of the master controller would compromise the operation of
the whole system. The decentralized control in the microgrid is achieved without an
explicit communication system using real and reactive power droop based local

controllers. A communication system can be setup to vary DG set points to improve
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efficiency or decrease the overall cost of operation. However this communication
network is not needed for the dynamic stability of the system. As the presence of a
communication network is not critical the introduction of new resources into the
microgrid can be achieved quite easily. This plug and play approach allows us to expand
the microgrid and scale it to meet the requirements of the customer.

The control of inverter based DG’s for operation in a microgrid environment using real
and reactive power droop controllers has been demonstrated in [20-22]. Standby
generators historically have used wound field synchronous machines connected to either
diesel or gas engines. No inverter is needed as the machine provides the AC voltage of
the desired frequency as long as the speed of the shaft is kept around a fixed value. One
of the primary drawbacks of this system is that without the inverter front end the
dynamics of the prime mover cannot be decoupled from the output of the generator. The
reduced cost of the system due to the absence of the power electronic front end is one of
the major advantages. The interaction between power electronic based sources and
traditional sources like steam and hydraulic turbine driven units was studied in [15] in the
context of optimal dispatch under market conditions. It was shown that unstable
operation could result due to the connection of “slow” prime movers with power
electronic sources. The chief cause for the instability is the absence of the reactive power
droop curves for the various sources. During disturbances the lack of these droop curves
cause large circulating currents which can cause the system to lose synchronism. In the
microgrid each source uses the power frequency as well as reactive power — terminal

voltage droop to maintain power quality and system stability.
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n [60] and [61] the use of engine driven synchronous machine based distributed
resources in a microgrid environment has been studied. The interaction of these sources
with power electronic sources in [60] has been simulated using the PSCAD/EMTDC
platform and the block diagram of the system studied is shown in Fig. 6. The engine
based system has been modeled using standard models described in IEEE standards [25]
which are applicable to large (MVA range) synchronous machines. Smaller gensets have
different governor and regulator schemes as shown in [55-58] and need a different
control strategy. Furthermore the approach did not modify the controller of the
synchronous machine voltage regulator to incorporate reactive power droop and
incorporated the droop only in the inverter based sources. In the case of microgrids that
have only synchronous machine based sources this would leave to significant circulating

VAR’s in the system.
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Fig. 6: Distribution system with synchronous machine and inverter based source analyzed in [60]
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The feasibility of using such small IC engine driven wound field synchronous generators
in a microgrid environment and the necessary modifications to the engine governor and
the generator voltage regulator is the focus of this research effort. An integrated genset
controller that utilizes an observer to estimate the various states has been developed. The
various modifications proposed in this work will also be verified experimentally in the

UW-Microgrid test bed [20 - 21].

2.4 Review of IC engine systems

The internal combustion (IC) engine is a type of prime mover in which the thermal
energy produced during the combustion of fuel is converted to mechanical energy. The
IC engine is used almost exclusively for mobile propulsion in vehicles, aircrafts and
ships. The high energy density of the fuel (typically hydrocarbon based) provide the
engine with an excellent power to weight ratio. IC engines can be broadly classified into
spark ignition (SI) or compression ignition based systems. In SI engines the compressed
air fuel mixture is ignited using a spark produced electrically whereas in a CI engine the
heat produced during compression self ingites the air fuel mixture. The SI engine is also
referred to as the petrol/gas engine or as the Otto engine after its inventor. The CI engine
is referred to as the diesel or oil engine; where the fuel is also named after its inventor.
Each engine can operate in either four stroke cycle or a two stroke cycle depending on the
number of piston strokes completed to achieve a power stroke. The principles of
operation of a four stroke cycle are explained using the diesel cycle.

The operation of the four stroke diesel engine is illustrated in Fig. 7. The entire cycle can

be broken down into four principal phases:
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* Intake stroke

» Compression stroke

* Expansion stroke

* Exhaust stroke
During the intake (or induction) stroke the intake valve is open and fresh air occupies the
cylinder volume as the piston moves downward from top dead center to bottom dead
center. Resistance to airflow in the intake valve results in the pressure being slightly less
than atmospheric pressure. During the initial part of this stroke the exhaust valve is open
for some time to improve the scavenging of the cylinder.
In the second stroke the air in the cylinder is compressed by the piston moving upwards.
During this period both the intake and exhaust valves are closed. During this compression
process the temperature inside the cylinder rises and when its high enough to self ignite
the fuel the injection of fuel oil into the cylinder begins. After an ignition delay the fuel
oil self ignites. Typically the fuel oil is injected before the piston reaches top dead center
position.
Once the fuel ignites it releases heat which expands the gases inside the chamber. The
rise in pressure forces the piston to move to bottom dead center and provides the power
for operating the engine. During this stroke the pressure in the cylinder rises to a peak
and then starts falling as the piston moves downwards.
The final stroke in the four cycle operation is the exhaust stroke. During this time the
upward motion of the piston forces the exhaust gases out of the cylinder via the exhaust
valve which is opened. To aid in scavenging the exhaust valve remains open for a

fraction of time in the intake stroke as well.
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Fig. 7 : Illustration of the four strokes in diesel engine [Maritime.org]

In the two stroke cycle the power and exhaust stroke are combined into one to form one
stroke and the compression and intake are combined to form the next stroke. This is
accomplished by utilizing the space beneath the piston and by carefully placing the intake
and exhaust ports. The intake and compression phases take place in the space beneath the
piston and the power and exhaust take place in the space above the piston. Two-stroke
cycle based IC engines have a higher power to weight ratio in comparison to the four

stroke engine but they generally have higher emission and are less efficient.
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The instantaneous torque produced by an IC engine depends on the various
thermodynamic processes taking place within the cylinder as well as the mechanical
linkages that connect the cylinder to the crankshaft. A detailed model of the engine would
account for all these dynamic processes [29, 33-39, 43-49]. For example in [39, 7] the
individual cylinder pressures for a diesel engine are coupled with the crank dynamics and
clutch friction to generate the indicated torque produced by the engine as shown in Fig. 8.
The model requires the detailed characterization of the pressure inside the cylinder during
each stroke including the effect of varying fuel level. The desire to decrease emissions
and improve the response of the engine has led to the need for modeling the exact
physical processes using computational fluid dynamics (CFD) that take place inside the

cylinder during the various strokes [34]. However for operation of the IC engine based
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genset in a distribution system it is not necessary to model the engine in such detail. Our
focus in this area is to use the engine to provide the input mechanical torque to the

generator to meet the desired load.

LOAD AND SHAFT
NOISE
L— DROOP
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Fig. 9: Simplified model of IC engine for operation in a power system from[40]

In a distribution system that contains different sources the response of the engine will be
slower in comparison to those sources that have power electronic inverters. Hence we
need to utilize an engine model that quantifies the major delays and relates the input fuel
command to the average torque produced on the shaft. Furthermore as we operate the
generator at a very narrow range of speeds to produce 60Hz output the friction losses in
the engine can be considered relatively constant. The simplified modeling of IC engine
gensets for simulation in power system applications has been carried out in [31, 40, 41,
42] and is shown in Fig. 9 and Fig. 10. Detailed modeling of the mechanical governor
used in small engine systems has been carried out in [51] and is used in conjuction with
the engine models described in [31, 40, 41, 42]. The key feature of the engine model is
the use of a pure time delay to represent the time it takes for a fuel command to translate

as torque on the shaft.
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Fig. 10: Simplified model of IC engine for operation in a power system from[42]

The value of this time delay depends on the speed at which the shaft is rotating and the
number of active cylinders in the engine. The value of the time delay is essentially the
time it takes for a power stroke to repeat. The governor model in [40, 41, 42] assume that
load restoration takes place and that the reference frequency is always 50 or 60Hz. In the
case of a microgrid however the frequency during island operation can vary and depends
on the load in the system. The model used utilizes the governor model from [51] and uses

curve fitting to estimate the various constants.

2.5 Summary

The chapter contains a detailed literature review of the various aspects covered in this
research work. The state of the art in distributed resources, microgrids and IC engine
modeling and control is examined and the motivation for the use of IC engine driven

wound field synchronous generators as a distributed resource is presented. The
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operational differences between the large wound field synchronous generators used in
power generation and the smaller generators used in gensets is discussed. The reduced
capital cost for IC engine based gensets is one of the main driving forces for their
consideration as a DG. This chapter has presented the state of the art for the use of such
gensets in DG applications. It has discussed the need for the modifications of their
controls for their operation in a microgrid environment and presented the sources for the

models used in this research work.
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CHAPTER 3. Modeling of IC engine based genset

Typical IC engine based gensets have an IC engine connected to a wound field

synchronous machine connected together on the same shaft (Fig. 11). To provide the field

excitation for the main generator a brushless exciter arrangement is typically used. The

brushless exciter is controlled using the voltage regulator to maintain the desired terminal

voltage. The IC engine has a governor that controls the torque on the shaft to maintain the

desired output frequency. The frequency of the voltage produced by the generator

depends on the shaft speed. Hence the speed has to be regulated within a narrow range to

generate the desired 50/60 Hz output. The modeling of the various individual components

is discussed and sample calculations pertaining to a 10kW Kohler genset are presented.
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Fig. 11 : Typical configuration of IC engine based genset system

3.1 Model of IC engine using mean effective pressure

The detailed modeling of the engine involves modeling the pressure in the various

cylinders as a function of the crank angle. Using the pressure in the cylinder we can
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integrate over the volume as a function of the crank angle and obtain the torque produced
by the engine as a function of time. However to accurately calculate this we need various
parameters which are not easily obtainable. We will instead develop a simplified model
using the mean effective pressure of the engine. The test engine used for the calculations
is a Yanmar diesel engine used in a Kohler genset that will be used for experimental
verification of all the control algorithms proposed.
Mean effective pressure

The mean indicated pressure is equivalent to a constant pressure acting on the
cylinder that would produce work during one stroke of the piston equal to the work of the
actual variable pressure of the cylinder charge during one working cycle. The output of

the engine using the mean effective pressure value is given by equation 1 from [37]:

2
523D ¢y pekz (1)

The various quantities in the equation are defined as follows:
* 52.3 comes about as part of unit conversion
* D = Bore diameter
* ¢, = Mean piston speed
* p, = Mean effective pressure

* k= 0.5 for four stroke engines

* z = Number of cylinders
On a steady state basis the mean effective pressure inside the cylinder depends on the rate
of fuel flow in the engine. For a given speed of operation mean effective pressure

increases linearly with fuel rate.
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The relevant parameters of the Yanmar engine used in the Kohler genset are:
* Nominal operating speed (1800 rpm)
* Mean piston speed (5.4 m/sec)
* Counterclockwise rotation (viewed from flywheel)
* No 2 fuel oil
* Mean effective pressure for 13.8kW output = 6.12kg/cm”’

* Fuel rate at rated speed and 13.8kW output =238g/kWhr

Modeling the fuel input for a given speed

Using the manufacturer specified values for mean effective pressure and piston
speed the rated continuous output of the engine is calculated to be equal to 18.3 kW. The
mechanical output from the data sheet for the given mean pressure is 13.8 kW. We can
assume that the difference arises due to the mechanical losses in the system. Due to this
the net output power would be less than the power developed in the cylinders .The
calorific value of number 2 fuel oil is approximately 18300 BTU/Ib or 11.82 kWhr/kg.
The rated fuel consumption of the Yanmar engine is 238g/kWhr for a continuous output
of 13.8 kW. The input power for the specified fuel consumption is 38.83 kW which
translates into an overall efficiency of approximately 35% . To calculate the fuel required
for part load we need to divide the losses in the system into mechanical and
thermodynamic losses. We will assume that the mechanical losses remain constant and

thermodynamic losses vary with loading. This can be represented as:
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B)ut = f)ﬁwl - Pmech - Pthermal
Bhermal = ZOSkW
P ~4.5kW

mech

Normar = 18.3/38.8=10.47

We will further assume that the thermodynamic efficiency does not vary with
loading. The speed command from the machine is converted into an equivalent fuel
command for a 5% droop using the following steady state relationships:

* Fuel needed to produce 13.8 kWhr = 3.284kg (0.238x 13.8)

* Fuel wasted to provide for mechanical losses 4.5 kWhr = 0.808 kg

* Fuel wasted to provide for mechanical losses 4.5 kW = (0.2244g/sec

* Fuel needed to produce 6.25kW output (power at which frequency is 60Hz) =
0.5362 g/sec

* Fuel needed to produce 12.5kW output (power at which frequency is 58.5Hz) =

0.8486 g/sec

* Fuel command(g/sec) for 5% droop = (1-w,, )x2x [0-8486 - 0.5362} .

0.05
0.5362

* Fuel command(g/sec) for 5% droop = (1-w,,)12.47 + 0.5362

Hence the fuel input command determines the resulting power frequency droop. The fuel
input command depends on the rotor speed and hence if the machine slows down the fuel
would increase proportionately to achieve a desired droop. In the Kohler genset the
power frequency droop is implemented using the mechanical governor. The governor
implements the droop and also imparts some dynamics to the whole process. The above

equation represents the steady state power frequency droop. The dynamic equations for
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the mechanical governor are presented in another section. The resulting power produced

in the engine as a function of fuel rate is shown in Fig. 12

Fuel

0.8486g/sec

0.2244¢g/sec

1pu P output

Fig. 12 : QOutput power versus fuel input at rated speed for Yanmar engine

Modeling combustion dynamics

The actual combustion process is modeled as a time delay. The value of the time
delay can be estimated by assuming the change in power occurs after completing a power
strok following the updating of the fuel command. For a four stroke three cylinder engine

operating at 1800 rpm the time delay can be calculated to be Td = 290 1 _ 22ms. This

360 30
full power stroke delay actually represents the upper limit on the amount of time before
the engine responds to a command change. If the command change occurs at a point in
the cycle just before the fuel is injected into the cylinder the delay would be much
smaller. Hence on an average the time delay will be less than one power stroke. However
if we include the fuel actuator time constant and the intake manifold dynamics the net

time delay can be reasonably modeled as one full power stroke.
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3.1.1 Model of mechanical governor

A typical mechanical governor is shown in Fig. 13. The governor can be modeled
analyzing the forces that act on the various components. The governor is connected to the
shaft of the engine either directly or using a gear arrangement. The shaft rotation causes
the flyweights to move outward or inward depending on the speed. The centrifugal force
caused due to the rotation of the flyweights is balanced by a spring force. The spring is

connected to the fuel lever whose position is affected by the rotating flyweights.

I

vt T i

WYY

J‘/B‘ v

“

Fig. 13 : Schematic of mechanical governor [51]

In steady state the centrifugal force balances the spring restoring force. The steady state
fuel lever position can be related to the speed using the following relationships obtained
from [].

2 2
For=(age +bsez)1gov(o 2)

Fop = Kig (v +iy2) €)
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* F,, = Centrifugal force

* F,, = Spring force

¢ ase = nmﬁtr_l

o

* n = Number of flyweights

* m;, = Mass of flyweight

» d = Ball arm finger length
* r, = Initial radius of gyration of flyweights

* | = Ball arm length

l 2
Qb):nmv R
se fw(d)

I, = Transmission ratio from rotor shaft to governor rotation

* m,,, = Mass of clutch element
* w = Rotor speed

* k = Spring constant

* i, = Transmission ratio of the clutch to the spring
» y = Constant spring strain (initial setting)

* z = Fuel lever position

We can see that the fuel lever position is a function of the square of the shaft speed.
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However the governor operates in a region where the function is linear to impart a
predesigned droop to the genset. During transient operation we can use Newton's Laws to

determine the rack position.

2
d’z dz(.2 2 2) 2 2 .
mgov?+ ‘E+ kltr_bselgovm :aselgovm -kigy [5]

d
If the above parameters were available it would be possible to accurately predict
the response of the governor. However in the absence of the exact parameters the
mechanical governor response needs to be modeled using a transfer function. The

governor transfer function used in the system has the following form.

2
Tzs + TIS +1
Ga(9) =5 6]
T4S + T3S +1

The various time constants need to be tuned to achieve a suitable match with
experimental results.
The diesel engine can now be modeled using the fuel to torque conversion ratio,
mechanical losses and the engine time delay. We know that the mean effective pressure
in the cylinder is directly proportional to the fuel input. Increasing the fuel input increases
the pressure increasing the mechanical torque applied by the prime mover on the shaft.
Using the fuel consumption rate and the combustion dynamics we will calculate the
relationship between fuel input and output mechanical power.

* Mechanical losses assuming speed deviation is small : 4.5kW or 0.36pu (12.5
kVA base) at base speed The frictional loss at other speeds can be linearized around this
point.

* Power produced by input fuel : n,,,,.., x Calorific Value x Fuel Rate -
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Mechanical Losses

* Power produced by input fuel at rated speed: 0.47x 11.8238x 3600 ms—0.36

12500

* Power produced by input fuel at rated speed : 1.6ms— 0.36
The power produced by the combustion of the fuel appears at the shaft after the
combustion delay. When we replace the mechanical governor with the electronic

governor we will use the following equation to model the diesel engine dynamics:
Tihech(® = 1.6 m(t - Ty) - 0.36 o(t) (7)

In this equation the fuel input rate is m, and the combustion delay is 7, .

3.2 Model of synchronous machine

In wound field synchronous machines there are two sources of input power, namely the
DC field and the mechanical shaft power. The power factor of the machine can be varied
by changing the magnitude of the DC field excitation. The wound field rotor can be
constructed in two major variations:

*Salient or projecting pole construction

*Smooth or round rotor
The round rotor is typically used for high speed applications and is either a two pole or
four pole machine whereas salient pole machines are typically used for slower speed

generators.
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rotor q axis

Phase a

rotor d axis

Fig. 14 : Salient pole synchronous machine structure

The field winding in a salient pole machine (Fig. 14) consists of concentrated windings
mounted on projecting rotor poles. Additional rotor windings (amortisseur) are often used
in salient pole machine for providing damping torque during transient conditions. They
consist of bars inserted along periphery of poles that are shorted by end rings. A number
of models for synchronous machines exist depending on the level of complexity that
needs to be modeled. Typical models of synchronous machines as shown in Fig. 15

account for one damper in the d-axis and one damper in the g-axis.
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Fig. 15 : DQ equivalent circuit for wound field synchronous machine

3.2.1 Flux voltage model of synchronous machine

The machine state equations in terms of flux voltages for a model that consists of one

damper in the d axis and one damper in the q axis (Fig. 15) is given below [69, 70].

r r
ro r r Ymd™ Vds
PVgs = @b |Vgs * Or Vs Ty Xg ®)
r r
r Ymd™ Ykd
PVied = @b Tkd| ™ xp o )

Xlkd
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3.2.2 Interfacing machine model with network equations

The conventional flux voltage model presented above presents a challenge while
interfacing with the network equations. Conventionally the network constraints are
modeled as algebraic equations (power flow equations). The machine equations are
differential equations that need to be interfaced with the power flow equations. This is
done by starting of at an initial point that is solved for using load flow technique. For this
initial point the machine states are calculated. If a change in input or change in network
occurs the instantaneous values of currents flowing through the network are solved using
load flow. These currents with field and mechanical input are then fed to the machine
model and the machine states are calculated. Stator transients are neglected which allows
us to calculate the terminal voltages of the machine from the states which are used in the
power flow equations. This process is repeated until steady state is reached.

The flux voltage formulation however uses the terminal voltage in the state equations.

Hence this model cannot be directly interfaced into the network equations. To utilize the
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flux voltage model presented earlier we need to modify the model to accept the stator
currents as inputs. Using the stator currents transformed into the rotor reference frame we
can calculate each of the states using just the currents, mechanical input, field voltage and
initial conditions for the states. However we must realize that once we use the stator

currents as inputs the stator flux voltages “y, ” and “y ” are no longer states but
become dependent variables. Hence the stator dynamics are now captured in the network
differential equation that models the stator “dg” currents. This procedure enables to use

as detailed a model as we wish with the network during the simulation of the microgrid.

The modifications of the state equations to incorporate currents as inputs are shown

below:
21, ipg- i ]
.S _|“las” 'bs” ‘cs
1qS = 3 (14)
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In steady state the terminal dq voltages are
r Ry r
VqS =1 1qS Oy (24)
r Ry r
Vds =Igigg - O qu (25)
Hence the state equations of the machine are
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In conventional power system models the torque angle of the machine “3” is used to
convert the stator voltages into the rotor reference frame. The angle “6” is calculated
using the swing equation and the assumption that the reference frequency in the system is
always a constant (either 50Hz or 60Hz). This assumption enables us to calculate the slip
speed and hence the value of the torque angle as a function of time. Hence the conversion
of the stator voltage and current quantities to the rotor reference frame involves a two
step process:
1. Conversion of the stator “abc” quantities into synchronous frame “dq” values
using base frequency angle variation
2. Conversion of the synchronous frame “dq” values into rotor reference frame
using torque angle
In a microgrid application however the reference frequency is not fixed and hence we
cannot convert the stator quentities into rotor reference frame quantities using the above
procedure. Instead as shown in Eq. 30 the rotor speed is integrated to calculate the
position of the rotor and this angle is directly used in Eq. 16, 17 and similarily for voltage

to calculate the rotor reference frame “dq” quantities.
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3.3 Model of brushless exciter

The brushless exciter is an inverted synchronous machine with a DC stator winding and
AC windings on the rotor (Fig. 16). In larger generators the rotor windings are typically
three phase [54]. In smaller machines (typically less than 50kW rating) the windings are
generally single phase. The AC voltage is rectified into DC using a diode bridge that sits
on the rotor. Hence depending on the input voltage to the brushless exciter the main field
voltage can be controlled. The exact dynamic equations of the brushless exciter depend
on the exciter machine parameters and the behavior of the diode bridge under dynamic
loading.

In gensets the rating of the brushless exciter is typically 10% the rating of the main
generator. These machines typically operate unsaturated. The entire exciter with diode
bridge can be modeled as a first order transfer function for such small machines [31, 55].
The input current to the brushless exciter controls the flux and hence the voltage output
of the machine. The variation in input current with voltage is a first order system with the
time constant representing the ratio of inductance to resistance of the machine. Hence the

input to the exciter is a voltage command (¥,) and the output is the main field voltage
E, and the dynamics can be represented using the following equations:

Leple = -IRHV,, (31)

Ep=1.K, (32)

In the above equations L, and R, represents the inductance and resistance of the exciter
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respectively and I, is the brushless exciter current. K, is a constant and is the voltage

produced by one ampere of brushless exciter current .

Fig. 16 : Schematic of two pole three phase brushless exciter
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CHAPTER 4. Diesel genset test setup and modeling of

conventional gensets

The architecture of a typical diesel genset with a wound field synchronous machine is
shown in Fig. 17. The engine governor could either be mechanical or electronic in nature.
Small gensets (rating less than 25kW) typically have mechanical governors to minimize
the cost of the system. The synchronous generator is coupled to the engine and its field
winding is powered by a separate exciter machine. There are various exciter
configurations possible and the most common structure consists of a brushless exciter. As
described in the preceding chapter a brushless exciter is essentially an inverted
synchronous machine with the DC input winding on the stator and AC output windings
on the rotor. The output of the brushless exciter is rectified using a diode bridge that is
placed on the shaft and is commonly known as a flying rectifier arrangement. The output

of the rectifier bridge is connected to the field winding of the main synchronous machine.
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Dlode Brldg

Diesel /fr
Engine - . @ﬁ
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Voltage

Regulator Maln
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Fig. 17 : Configuration of Kohler 10kW diesel genset system
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The field voltage of the main synchronous machine is controlled by varying the input DC
voltage of the brushless exciter. Typically the input DC voltage is controlled using PWM
switching allowing the controller to vary the field winding voltage as desired. Gensets
operating in an islanded mode are setup to operate at a fixed voltage that can be modified
by the user. To predict the behavior of the diesel genset in a microgrid environment it is
necessary to develop a model that captures the required dynamics. The model for the
diesel genset was developed by studying its behavior in an islanded environment. To
develop this model a 10kW diesel genset manufactured by Kohler was installed at the
University of Wisconsin-Madison. The next section describes the test setup and the

hardware test results used in developing the genset model.

4.1 Hardware components and system configuration

The Kohler genset (Model no. 10ROZ) consists of a 10kW diesel engine coupled to a
wound field synchronous machine. The speed regulator in the genset is a mechanical
governor and the exciter is of the brushless type having a single phase output. A voltage
regulator provides the input to the brushless exciter using a standard 12V battery supply.
The connection diagram for the Kohler genset is shown in Fig. 18. The Kohler genset is
mounted outdoors on a grating adjacent to the main WEMPEC lab as shown in Fig. 19
and Fig. 20. The windings of the generator have been connected to provide 480V line to
line rms voltage. This was done using the winding diagram provided in the operations
manual of the genset. The output of the generator is brought into the lab using gauge 12

wires into a disconnect switch. Number # 4 wires then carry the power to a 45 kVA AY
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transformer. The transformer steps the voltage down from 480V to 208V line to line.
Resistor banks are connected at the secondary of the transformer to load the machine.

Genset layout

Engine
J J 12.5 KVA
'
{ SM
N
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1L seov
Speed,
Field
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Sync. V| 208v
R e
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Agilent Current
Lab uGrid
Load CB [T] [TJ [TJ Load CB
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Fig. 18 : Diesel genset test setup at the University of Wisconsin-Madison



Fig. 19: Test setup for Kohler 10kW genset located outside engineering hall

Fig. 20: Picture of Yanmar diesel engine used in 10kW Kohler genset
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The parameters for the synchronous machine were obtained from Kohler and are given in

Table 2.

Parameter Value
Vsase 240V
Bhse 12.5kVA

X, 1.204pu
X, 0.533pu
X, 0.125pu
X, 0.056pu
X, 0.051pu
X, 0.037pu
Ty 0.355s

Ty, 0.00015s
T, 1.235s

J 0.4344kg — m*

Table 2: Parameters for synchronous machine in Kohler 10ROZ Genset
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4.2 Testresults for step load and voltage changes

A series of step load tests were performed to determine the characteristics of the diesel
genset. The load connected to the machine was changed by 4kW and the shaft speed,
terminal voltage, current and brushless exciter input voltage were measured using an
Agilent scope and they are plotted in Fig. 21. The pulsed output of the speed sensor was
converted to a speed signal via post processing and the resulting waveforms are plotted in
Fig. 22. From the waveforms we can clearly see that there is a change in the steady state
frequency with loading. The change in frequency is consistent with the manufacturer
specified droop value of 5%. We can also see the second order dynamics of the
mechanical governor in the speed waveform. We can also see that during the transient the
load voltage waveform regains its steady state value within a few cycles. The voltage
regulator provided by the manufacturer has a V/Hz component that changes the terminal
voltage based on the shaft speed. The V/Hz component is required to improve the motor
starting capability of the genset. Hence in steady state at lower speed (for the higher load)
the terminal voltage is slightly lower that at higher speed. The contribution of the per unit
speed to the per unit terminal voltage was calculated to be close to 1%. These conclusions
were confirmed by performing another load test with a 2kW step change and the

waveforms obtained are plotted in Fig. 23 and Fig. 24.
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Fig. 22 : Experimental results for 4kW load switching waveform depicting change in frequency
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Fig. 23 : Experimental results for 4kW load increase followed by 2kW decrease and increase in load
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Fig. 24 : Experimental results for 4kW load increase followed by 2kW decrease and increase in load with

4.3 EMTP model of IC engine based genset model

Using the models for each component a model of the genset system was developed in the
EMTP [75] simulation platform. EMTP is a sophisticated computer program for the
simulation of electromagnetic, electromechanical and control systems transients in
multiphase electric power systems. It features a wide variety of modeling capabilities
encompassing electromagnetic and electromechanical oscillations ranging in duration

from microseconds to seconds. This enables the simulation of the genset in a microgrid
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environment. The lab setup shown previously in Fig. 18 is represented in EMTP as

shown in Fig. 25.

Kohler Genset Model

Kohler Genset
(o= —
s

Ri1 R2

Fig. 25 : Lab setup modeled in EMTP
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Fig. 26 : Internal model of diesel genset in EMTP

If we examine the model of the genset (Fig. 26) more clsoely we can see that it consists

of four sub-blocks.

- Synchronous machine
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- P,Q and V calculation block

- Exciter block

- Governor and Prime Mover Block
The output terminals of the synchronous machine are connected to a 45kVA transformer
using a line impedance. A parallel resistive load of negligible value is connected at the
synchronous machine terminals to alleviate numerical problems associated with
disconnecting the synchronous machine from the rest of the system.
The synchronous machine model used is from the machines library of EMTP. While
setting up the model we need to specify one damper in field axis circuit and one damper

in the q axis circuit. To obtain a salient pole machine we set x, =x, and 7 ,'=0. We use

maximum precision in the precision tab of the machine model and increase the number of
maximum rotor speed iterations to 1000 to overcome numerical problems. The inertia of
the machine is 0.19s and is calculated from the value specified by Kohler and is given in
Table 1. The remaining electrical parameters are fed in the various tabs using the values
given in Table 1. Also for simulation purposes the machine base voltage was specified as
240V and the transformer was modeled as a 240V/208V DY g transformer.
Kohler also specified the exciter machine to have a time constant of 1ms and that the
voltage regulator was a PI controller. The voltage regulator has the following three
control potentiometers:

- Volts/Hz setting

- A V setting

- Controller gain setting

For the exciter the reference voltage set point has two components:
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- Speed dependent term

- Fixed reference point with AV control.
The three phase terminal voltages of the machine are rectified and filtered and passed to
the exciter as the measured voltage. The difference between reference voltage and
measured voltage is fed to a PI controller as shown Fig. 27 . The gain values Kp and Ki
for the controller were set to mimic the dynamic performance observed in the hardware.
During a transient change the variation in voltage was fairly negligible and this can be
attributed to a high gain setting.
The desired field voltage obtained from the PI controller is passed through a time
constant which describes the exciter machine. The exciter machine is configured with a
DC field in the stator and a single phase winding on the rotor. The output of the exciter
machine is rectified and fed to the main field of the machine. The rectifier arrangement is
not modeled and instead the time constant represents the whole exciter and brush
arrangement. The exciter provides the field voltage required for the main field of the
synchronous machine.
The voltage regulator utilizes the terminal voltage and reactive power values calculated
from the PQV calculation block and the per unit rotor speed. The reactive power is
needed only for modifying the reference voltage command to incorporate QV droop. The
Kohler genset does not incorporate QV droop and hence the value of droop is set to zero.
The initial value of the PI controller output is set to minimize the startup transient. The
per unit rotor speed deviation also contributes to the reference voltage calculation. From
experimental tests the contribution was calculated to be equal to 0.01.

The exciter machine is represented as a first order system with a time constant of 1ms
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(specified by Kohler). Typically machines with ratings less than 100 kW can be
represented using either first order or second order systems instead of the more complex

standard IEEE exciter definitions.

Exciter Model for Kohler Genset
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Fig. 27: Model of exciter and voltage regulator in EMTP

The mechanical governor utilizes the speed of the shaft to determine the opening and
closing of a fuel valve. The combined dynamics of the governor, fuel actuator and
combustion dynamics are represented by a second order lead-lag transfer function. A
time delay further represents the engine dynamics. The governor used in the genset is
mechanical in nature and provides for a 5% droop from no load to full load. The governor
provides the mechanical power required by the synchronous machine. Thegovernor and
engine model uses the rotor speed as its input. The rotor speed is used with the 5% droop
to determine the required engine torque. This torque command is passed through a lead-

lag transfer function and then through the combustion time delay. The torque value is
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then multiplied by the rotor speed to calculate the mechanical input power.

Detailed Governor and Prime Mover Model for Kohler Genset
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Fig. 28 : Governor and IC engine model in EMTP

4.4 Comparison of simulation and experimental results for
isolated diesel genset operation

The developed model with its tuned gains was verified by simulating a step load change
and comparing the results with the experiemental results obtained in the hardware run.
Fig. 29 shows the simulated speed waveforms for a 4kW step load change and compares
it with the measured hardware response for the same change. From Fig. 29 we can see
that we have a good match between the waveforms. Similar results were obtained for the

2kW step load change as well.
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Fig. 29 : Comparison of simulated and experimental values of speed for step 4kW load change

4.5 Summary

The chapter describes the test setup for an IC engine based genset at the University of
Wisconsin-Madison. The setup will be used to validate the controller scheme that will be
proposed in this research work. Test results for step load changes are presented in this
chapter that allows us to characterize the mechanical governor of the machine. The

exciter and voltage regulator parameters were obtained from the manufacturer.
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CHAPTER 5. Test results for operation of conventional

gensets in a microgrid environment

In Chapter 4 we used the test setup to develop physical models for the IC engine based
genset. We will now use the model for the genset to study the interactions of this source
with other inverter based sources in the Microgrid environment. The EMTP [75] software

platform will be used to simulate the operation of the microgrid.

5.1 Model of UW-Microgrid

The operation of the diesel genset can be predicted by simulating its behavior when
included as part of a microgrid model. The model of the microgrid in the EMTP
simulation platform has already been developed [20]. The description of the UW-
Microgrid setup and each of its components is given below.

The microgrid test setup shown in Fig. 30 incorporates the typical components that can
be found in a distribution system. The setup connects to the local 480V utility supply via
a 75 kVA three phase transformer. The UW-Microgrid is a radial system with loads and
distributed resources (microsources). The microsources generate power at the voltage
level of 480 V and is then transformed to the network voltage by a 45kVA transformer.
Each microsource is a voltage source inverter powered by a battery that provides the DC
bus voltage. To smooth the output waveform a LC filter is placed at the output terminals
of the inverter. The microgrid network is a three phase four wire system and hence we

have the ability to connect single phase as well as three phase loads to the system. The
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inverter of the microsource implements the reactive power-voltage droop as well as the
real power-frequency droop characteristics.

The overall single phase equivalent circuit diagram of the microgrid is shown in Fig. 30.
The building utility supply is assumed to be the stiff electric source for the system. The
utility supply is connected to the microgrid network via a variac. A static switch is placed
in series to intentionally island as well as to synchronize the microgrid with the utility.
From the static switch terminals we have a three wire cable (Z1) that connects to a
75kVA transformer T1. The parameters of the variac and the transformer are given in
Table 2. We have a short 4 wire cable (Z2) that connects to the first microsource (MS1)
and the first load center (L1). From there we have a 75 yard, 4 wire cable (Z3) to reach an
intermediate load center (L2). The last 25 yard of cable (Z4) connects the second
microsource (MS2) and the last load center (L3). The impedances of the lines and

transformers in the system are sumamrized in Table 3.

Vv S Length R,(L)) X,(Q)
T1 | 480/208 | 75kVA 0.153@480V | 0.153@480V
T2.T3 | 480/208 | 45kVA 0.256[@480V | 0.256@480V
Z1 480 2168kVA 1 201t 0.0225 0.0055
Z2 208 62.4KVA | 20ft 0.00535 0.00068
Z3 208 62.4KVA | 22511 0.0194 0.0026
74 208 62.4kVA 751t 0.0065 0.00085

Table 3 : Parameters of various components in UW-Microgrid system
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5.2 Simulation and experimental results for operation of

conventional diesel genset in a Microgrid
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EREG 2

The EMTP model for the diesel genset in a microgrid environment with grid is shown in

Fig. 31. In this test no inverter based source is present and the behavior of the genset in

grid connected as well as islanded model of operation is studied
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Fig. 31 : EMTP model of diesel genset connected to grid through static switch

Initially the diesel genset is connected to the grid and the genset delivers its reference
power. The various events that take place in the simulation as well as the conducted
experiment are listed below:

* Load is increased by 4.3kW, 1s simulation , 3s experiment

* Microgrid is islanded from utility grid, 6s simulation, 10.2s experiment
The objective of the experiment was to evaluate the performance of the diesel genset in a
microgrid system without modifying its controls. The stability of the system during
islanding and subsequent load changes has been observed and also the power quality in
the system was monitored.

The simulation results for the test without modifying the controls of the genset are
shown in Fig. 32 and Fig. 33 and the experimental results are shown in Fig. 34 and Fig.
35 (base power 10kW). Initially the genset is connected to the grid. Hence when the load
is increased the genset does not pick up any of the load in steady state as seen in Fig. 32

and Fig. 34. The reactive power output of the genset changes due to the change in system
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node voltages due to the load increase.
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Fig. 32 : Simulated genset output real power, reactive power, frequency and voltage waveforms for

load increase (@t=1s) and islanding (@t=6s) scenario

When the grid disconnects the genset has to pick up the additional load and the second
order dynamics of the mechancial governor are reflected in the simulated frequency
waveforms shown in Fig. 32 and the experimental waveforms shown in Fig. 34. The drop
in frequency depends on the initial setpoint of the genset, the final load on genset and the
frequency droop characteristics. After islanding the governor takes upto 5s to stabilize the
speed of the machine. Furthermore depending on the load change the 5% droop of the
governor can lead to a change in frequency beyond the limits of microgrid operation. Fig.
35 shows the output real and reactive power of the grid during the experimental tests. We
can see that the grid almost exclusively picks up the initial load increase that causes node
voltages and hence the reactive power circulation within the system to change. Due to the

absence of QV droop there is a large amount of circulating VAR’s within the microgrid
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due to the incorrect genset voltage setpoint.

10

Fig. 33 : Simulated load voltage waveform load increase (@t=1s) and islanding (@t=6s) test with

genset in a microgrid environment

In a distributed generation environment a QV droop curve is essential in determining the

voltage setpoints for the system in the absence of a communication system. Fig. 32 and

Fig. 34 show that the genset is trying to hold a fixed voltage which is the cause of the

circulating VAR's. Fig. 33 shows the voltage seen by the load during the simulation and

the transient in the machine voltage is reflected in the load voltage.
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Fig. 34 : Experimental genset real power, reactive power, frequency and terminal voltage waveforms

for load increase (@t=3s) and islanding (@t=10.2s) test

There are slight differences between the simualtion and experimental results. This is due
to the fact that the setting of the genset voltage differs from the setpoint in the simulation
by less than a volt. Also the simulation does not fully capture second order effects such as
transformer saturation, static switch on-state drop, heating of components on load, signal
conditioning and measurement noise. These slight differences and incomplete modeling
causes the steady state reactive power value to differ between the simualtion and
experiemnental tests. However the trends and dynamics do not change and we can clearly
see that there is siginificant amount of reactive power circulation in the absence of droop

control.
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Fig. 35 : Experimental waveforms of grid real and reactive power for load increase (@t=3s) and

islanding (@t=10.2s) test

From the simulation of the diesel genset in the microgrid network we can see that the
system is stable during both grid connected and islanded mode. The steady state
frequency of the system during islanded mode is governed by the genset frequency droop
of 5%. This droop can cause the system to operate at frequencies which may be
undesirable from the power quality standpoint. The droop must be decreased to meet the
desired norms. Furthermore the mechanical governor introduces frequency dynamics
which are undesirable and hence an electronic governor is required. It is clear that
without QV droop there will be significant circulating VAR's in the system. Hence a

modified voltage regulator which implements the QV droop is also required.
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5.3 Simulation and experimental results for operation of diesel

genset with grid and microsource

The power frequency droop curves of both types of microgrid sources are shown in Fig.
36. We can see that the inverter based microsource has a smaller power frequency droop
in comparison to the diesel genset. Hence in island mode the inverter based source will
dictate the frequency in the system. The diesel genset will follow the frequency set by the
inverter and produce the desired output and the sum of the power produced by the two

sources will be equal to the load power plus losses.

Frequency
A

61.5Hz 1

SM(Genset)

6OHZ e, -~z _\\\:\__59875.FIZ___

A

\59.55 Hz

0.5‘pu 1.0‘pu Power

58.5 Hz

Fig. 36 : Power frequency droop curves for diesel genset and inverter based microsource illustrating

diesel genset controlling system frequency

The EMTP model of the system under simulation is shown in Fig. 37. As mentioned
earlier the inverter based source has a QV droop implemented in its control loop. The
initial power set point of the diesel genset is 0.5 pu and 0.1 pu for the inverter based
microsource. Hence in the initial phase of the simulation when the system is connected to

the grid both of the sources in the microgrid will be delievring power equal to their
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setpoints. When the system islands the sources will pickup the remaining load and share
it based on their power frequency droop curves. The various events taking place in the
test are:
1. Intially the grid, inverter based source(setpoint 0.1 pu), genset (setpoint 0.5 pu)
and 8.6kW of resistive load are all connected
2. Grid is disconnected at 2s simulation and 1.5s experimental

3. Load is increased by 4.3kW at 6s simulation and 8s experimental

*
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Fig. 37 : EMTP model of diesel genset operating in a microgrid environment with inverter based

microsource

Fig. 38 to Fig. 40 show the simulation results and Fig. 41 to Fig. 43 show the
experimental results obtained for a very similar test. We can see from Fig. 38 and Fig. 42

that prior to islanding the real power output of the genset is close to its setpoint of 0.5 pu
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(base power 10kW). The slight difference is due to the fact that the droop is implemented
for input power (i.e. mechanical power) and the experimental waveform displays output
power. During islanding we can see that the inverter based microsource picks up most of
the additional load and is operating close to its maximum power limit set artificially at
0.64pu. For the inverter results shown in Fig. 41 the power base (16kW) is different from
that shown in theother figures (10kW). This is due to the fact that the data was captured
using PCMaster as a picture file and the image cannot be modified to use the same power

base as the other figures.
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Fig. 38 : Simulated genset real power, reactive power, frequency and voltage waveforms for (@ 2s)

and load increase (@6s) scenario in microgrid with inverter based microsource at power limit

During the subsequent load change the inverter utilizes some of its reserve capacity and
overshoots its maximum to supply the load temporarily. This provides sufficient time for
the diesel genset to pick up its output and supply the load. Due to the action of the

inverter to provide for some of the load power during the transient event the dynamic
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response of the genset is relatively benign.

In steady state the diesel genset uses a 5% droop curve and hence the frequency falls
quite significantly causing the power quality to worsen. The transient for the mechanical
governor of the diesel genset takes between 3s-5s to settle forcing the inverter based
source to operate under overload conditions durign this time. Furthermore the dynamics
of the mechanical governor cause oscillations in the speed waveform which can be
supressed by employing an electronic governor. Since the diesel genset does not employ
any QV droop there is a possibility for large significant circulating VAR’s (5kW) prior to

islanding as shown in Fig. 38 and Fig. 42 .
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Fig. 39 : Simulated inverter real power, reactive power and voltage waveforms for islanding (@ 2s)

and load increase (@6s) scenario in microgrid with inverter based microsource at power limit

The experimental results also confirm that once the inverter hits its power limit the genset

controls the system frequency.
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Fig. 40 : Simulated load voltage for islanding (@ 2s) and load increase (@6s) scenario in microgrid

with genset and inverter based microsource
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Fig. 41 : Experimental waveforms for inverter real power, reactive power, frequency and voltage for

islanding scenario in microgrid with inverter based microsource (Power base and time scale

different)

One key difference between the experimental results and the simulation results is the
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absence of the governor dynamics after load increase in the simulation results. In the
simulation results we can see a damped response to the load increase and there are no
second order dynamics present. Closer examination reveals that in the simulation the
inverter picks up the load increase much faster than in the experiment resulting in the

genset seeing a smaller power difference, leading to a milder governor dynamic response.
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Fig. 42 : Experimental waveforms for genset real power, reactive power, frequency and voltage for

islanding (@ 1.5s) and load increase (@8s) scenario in microgrid with inverter based microsource

The inverter model in EMTP is an averaged model that does not account for the
capacitance of the DC bus, the dynamics of the power supply or the output LCL filter. As
a result the simulated the inverter is able to respond to load changes faster than that
observed in the experimental tests. The faster load pick up causes the genset to see less of

a power difference. As the inverter slowly changes its power the genset output gradually
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increases with minimal second order effects. Due to slight differences in reference
voltages and the inability to model a physical system completely the experimental results
do nto exactly match the simulation results. In order to get a better match the model of

the inverter must be improved and should incorporate a detailed model of the power

supply.

ected

Time[s]

Fig. 43 : Experimental waveforms for grid real and reactive power output for islanding (@ 1.5s) and

load increase (@8s) scenario in microgrid with inverter based microsource

The trends observed in the simulation compliment the experimental results very well.
Due to the lack of a QV droop in the genset it is possible to have large circulating VAr’s
in the system. Furthemore the presence of a 5% droop on the genset governor causes it to
pick up only a small percentage of a load change untill the other sources hit their power
limits. Once the other sources reach their power limits the slower genset dynamics

dominate the transient response of any event.
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5.4 Summary

From the various simulations and experimental tests performed with the genset, inverter
based microsource and grid we have seen that the system is stable during islanding
events. After islanding the two units share power according to their power frequency
droop curves. Most of the power will be picked up by the inverter based source as it has a
much smaller droop. Once the inverter based sources hit their power limit the response of
the system will be dominated by the slower second order dynamics of the mechanical
governor. This will result in undesired oscillations of the speed of the genset, the voltage
and hence the real power and reactive power. This issue can only be eliminated by
employing an electronic governor and designing new control schemes for it. Furthermore
once the inverter based microsource hits its maximum power limit the genset will
determine the frequency of the system. Due to the 5% droop on the genset the frequency
can sag beyond desired operating values and cause poor power quality. This problem can
again be alleviated by using an electronic governor with smaller droop. In addition, the
absence of QV droop in the genset voltage controls can cause large circulating VAR’s to
flow in the system which are undesirable but avoidable with proper design of the voltage
regulator. These key problems with conventional gensets are addressed in the following
chapter by designing a new genset controller.

The simulation results achieve a good match with the experimental results, validating the
genset model proposed in this chapter. The discrepancies between the experimental and
simulation results are explained in the chapter and can be attributed to slight differences
in voltage setpoints, system impedances, transformer saturation and simplified models for

the inverter and genset.
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CHAPTER 6. Design of diesel genset controller

To operate the diesel genset in microgrid environment modifications in the governor
control and voltage regulator control need to be made. The modified controller for the
genset has been designed using state variable techniques. The first step in this process is
to design an observer that would estimate the state of the system. An operating model for
the genset has been developed from the state equations of the system. The machine model
developed for the synchronous machine depends on the knowledge of the rotor position
for achieving the rotor reference frame transformation. A rotor angle observer has been
developed from the measured rotor position which enables us to estimate the speed
accurately and convert the stator terminal quantities into the synchronous reference frame
located on the rotor of the machine. In the wound field machine the d-axis field voltage
is the only control handle that we have to change the terminal voltage. This field voltage
controls the mutual d-axis flux linkage that governs the output g-axis terminal voltage.
Hence to control the output voltage we need to accurately estimate the d-axis flux
linkages. A closed loop observer for the machine state equations has been developed for
this purpose.

The reference commands for the speed and terminal voltage for the genset are obtained
from the real power —frequency droop and reactive power-terminal voltage droop curves.
The design of a state variable controller that integrates the reference commands with the
observer outputs is presented. Simulation and experimental results for the genset

performance in the microgrid environment with the modified controller is also presented.



6.1 Operating point model of diesel genset

The various equations that describe the systems are:
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The nonlinear element in the equation set is the engine time delay in the genset model. In
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the design of the observer this delay will be modeled using the Pade approximation. The

entire model of the system is shown in Fig. 44.

vo_* E T A + T R T
c s — o s e
A _w
= o

&
S

Fig. 44: Operating point model of kohler genset

6.2 Real and reactive power droop controllers

The DG controller must use only local information to control the source during all events.
The main inputs to this controller are the desired steady state output power and bus
voltage. For the DG to operate in a multi-source environment the controller must control
the output voltage and power to ensure stable operation. In the absence of an explicit
communication system this is achieved using real and reactive power droop curves.

Voltage regulation plays an important role in the operation of a microgrid. Without local

voltage control distributed sources could face large voltage and/or reactive power
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oscillations. During steady state incorrect voltage set points could lead to large
circulating VAR's between the sources which could greatly diminish the real power
capabilities of the sources. To alleviate these issues a reactive power versus voltage droop

shown in Fig. 45 is necessary.
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Fig. 45 : Reactive power droop curve for microsource control

In a microgrid several distributed resources coexist and its vital to regulate the power
each units outputs. Each distributed resource implements a power versus frequency droop
as shown in Fig. 46 that controls the power output of the source. When the microgrid is
connected to the utility system each source puts out its reference power value. This value
can be set based on an economic dispatch algorithm or a heating load requirement. In the
event of an islanding scenario the sources share power based on the droop curve and the
total local load. In the event one of the sources hits its maximum output the frequency
will be determined by the other sources in the system. Hence in an islanded scenario the
frequency of the microgrid can vary from the rated 60Hz within limits specified by the

user. The user sets these limits based on the desired power quality.
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Fig. 46 : Real power droop curve for power sharing between microsources

6.3 Observer design and analysis

The design of the observer shown in Fig. 47 is performed in two stages. The first step is
to design the rotor angle observer. For the rotor angle observer the inputs are the fuel
command, electric torque on shaft, and sampled rotor position. The analysis for the
observer is performed in continuous time and as part of future work a discrete-time
observer will be developed. The second step is to design an observer for the electrical
states of the system. For this the inputs are the field command, stator ‘d’ and ‘q’ axis
voltages and currents in the rotor reference frame. The design of the observer is presented

in the following sections.
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Fig. 47: Overall block diagram of genset observer

6.3.1 Rotor angle observer

The measurement of the rotor angle of the machine enables us to convert the stator ‘abc’

quantities into the rotor reference frame. A resolver output is used in this analysis to

provide for the measured rotor position. To convert the resolver output into the position

of the rotor ‘q’ axis we need to determine the angle offset between the two. This is

obtained by realizing that during no load the terminal voltage is equal to the back emf of

the machine. Hence at no load the rotor angle is simply the arc tangent of

vds §
s

. The
y

asg
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output of the resolver is processed to obtain the rotor position. The resolver output is
correlated with the rotor angle obtained from the back emf at no-load. Once the angle
offset between the two measurements is calculated the machine can be loaded and the

resolver output can be used to determine rotor position based on the angle offset

calculated.
Telec
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I N Py 7<>H - - L
Ifuel Tmech+ —R

Fig. 48: Closed loop observer for rotor position and rotor speed

Now that we have the position information we can design a closed loop observer for the
speed. The structure of the observer is shown in and is an enhanced luenberger style
implementation [71]. The inputs to the observer are the measured rotor position from the
resolver, fuel command from the fuel solenoid and electrical torque estimate. The

estimation transfer function for the rotor speed is:
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The bode plots for the magnitude and phase of the estimation transfer function with a +

15% and 5% error in friction, engine time delay, and fuel solenoid gain are shown in Fig.

49 and Fig. 50.
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Fig. 49 : Speed estimation magnitude as a function of frequency for speed observer
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Fig. 50: Speed estimation phase as a function of frequency for speed observer

The design of the observer ensures that we have no estimation error below the desired
bandwidth. The gains Kp, Ki and bo are chosen such that the eigenvalues for the transfer
function are located at 200Hz. The observer output is the rotor position and the estimated

speed.

6.3.2 Synchronous machine electrical states observer

In the woudn field machine the field voltage provides us with the handle to control the
output voltage. The change in field voltage changes the ‘d’ axis mutual flux voltage
which changes the ‘q’ axis terminal voltage. Hence the observer must estimate the value
of the mutual flux linkage which can be passed on to the voltage controller. The transfer
function between the field voltage Ef and the ‘d’ axis mutual flux voltage (‘m(s)’) can be

derived from the machine state equations and is given below:
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The field voltage is the output of the brushless exciter which is controlled by the
current flowing through its stator terminals. The transfer function between the field

voltage and the voltage input to the brushless exciter is:

V(s)
T —— (44)

The transfer function between the ‘d’ axis mutual flux voltage and the brushless
exciter input can be obtained from equations and is denoted as m(s).

Now that we have the relationship between the brushless exciter input voltage and
the ‘d’ axis mutual flux voltage we can design a closed loop observer (Fig. 51) using the

estimated and measured ‘q’ axis stator voltage.

Fig. 51: Schematic of closed loop observer for ‘d’ axis mutual flux voltage

The transfer function between the estimated and actual‘d’ axis flux voltage is given

below



Vnd®  or(Kis T Kp) +

m’(s)

m/\
m(s)

Wmd(s) a A .
o (Kl/s + Kp) +1

From the discussion on the rotor angle observer we know that we can accurately track the
speed of the rotor within the bandwidth of the observer. Hence we will be able to track
the ‘d’ axis mutual flux voltage as long as we have an accurate estimate of speed. Even in
the presence of uncertain parameter values we will still be able to accurately predict the
flux voltage magnitude. The magnitude and phase of the flux voltage tracking function is

shown in Fig. 52 and Fig. 53 respectively for errors in ‘d’ axis mutual reactance, field

reactance, field resistance, and leakage reactances.
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6.4 Controller design and analysis

Using the outputs of the observer we can now design a state variable controller for the
exciter field and fuel solenoid. In the case of the exciter field input the disturbance inputs
are the stator ‘d’ and ‘q’ axis currents. These currents are measured and hence we are
able to reject these disturbances in our controller. The terminal voltage command is set
using the reactive power droop curves. Once we have the desired terminal voltage
command we can use the measured vds, ids, igs and estimated speed to generate the
desired field axis voltage. We integrate this command with the state variable PI controller
on the g-axis field voltage to generate the field voltage command. The block diagram for

the voltage controller is shown in Fig. 54.
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Fig. 54: Overall block diagram of proposed voltage regulator

The magnitude of the tracking between actual voltage and commanded voltage is shown
in Fig. 55 for a system that has errors in parameter estimation. The voltage controller
bandwidth depends on the estimation of speed to accurately determine the necessary ‘d’
axis mutual flux voltage. The speed observer bandwidth was designed with eigenvalues
at 200Hz and the voltage controller eigenvalues are designed at 20Hz.

The overall block diagram for the engine fuel controller is shown in Fig. 56. For the fuel
controller the disturbance input is the friction torque and electrical torque estimate. The
reference speed is set using the real power droop curve. This speed reference is used to
generate the reference torque command. This command is summed with the disturbance
magnitude and the output of a state variable controller on the speed. Using the desired
torque command the desired fuel command is generated which is given to the fuel
solenoid controller. This controller implements a current regulator to convert the fuel

command to the desired solenoid current value.
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The magnitude of the speed controller tracking transfer function is shown in Fig. 57. The
bandwidth of the controller is set to 20Hz to achieve fast control of the genset speed. One
of the key aspects of the engine model is the presence of a pure time delay that represents
the time for a power stroke. This time delay ensures that the shaft mechanical torque does
not change instantaneously after a fuel command change. Hence during this time interval
the speed will vary and the difference in power would need to be supplied from the other

sources in the system and the mechanical inertia in the genset.
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6.5 Experimental setup for genset controller

The proposed controller was experimentally verified using the UW-Microgrid setup
shown in Fig. 58. The chapter explains the various modifications carried out on the
genset controller and documents the experimental results obtained. Several challenges
were encountered during the experimental work and this section attempts to document the

difficulties faced and the steps taken to solve the issues.
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Fig. 58: Microgrid setup at University of Wisconsin Madison

The main changes made to the genset controller were to replace the existing mechanical
governor with an electronic governor and to design a new voltage regulator for the
brushless exciter. To incorporate an electronic governor the existing fuel shut off
solenoid was replaced by a linear solenoid and the mechanical governor throttle was
changed to its full open position. The linear solenoid was characterized to determine its

resistance and inductance. Fig. 59 shows the test setup for characterizing the linear
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solenoid. The solenoid was connected to a fixed DC supply at a preset voltage and the
plunger was clamped to prevent it from moving. The supply was disconnected and the
solenoid voltage and current was measured. Fig. 60 shows the experimental waveforms

for current and voltage for various voltage preset values.

Fig. 59: Test setup for characterizing solenoid for diesel genset electronic governor

Solenoid test data

Voltage [V]

Current [A]

=

1 1 1 1 1 1 1 1
015 01 -0.05 0 0.05 01 015 0.2 0.25 03 0.35
Time [s]

Fig. 60: Solenoid voltage and current waveforms for test involving sudden removal of supply voltage
at fixed solenoid position
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Using the voltage and current measurements the change in flux linkage as a function of
current during the test was calculated and this shown in Fig. 61. The slope of the flux
linkage curve gives the inductance of the solenoid as a function of position and current.
We can see from the curves that the solenoid has an unsaturated and a saturated
inductance value. While running the genset it was observed that the solenoid typically
operated at a current greater than 2A and hence for the controller the saturated value of

inductance was used.

Solenold flux linkage variation as a function of current
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Fig. 61: Solenoid flux linkage variation as a function of solenoid current

To drive the solenoid a power board was designed. The solenoid is driven using the 12V
battery present on the genset. A two quadrant drive board was designed to drive the
solenoid as well as the brushless exciter. Fig. 62 shows the schematic for the power stage
board. The presence of the freewheeling diodes ensures that in event of a loss of gate

signals the current through the solenoid or the brushless exciter automatically starts
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decaying and the genset turns off. This backup protection ensures that in the event the
controller loses communication the genset is still safe. To measure the genset currents
and voltages a separate signal conditioning board was designed and this was installed
inside the lab. The power stage board for the brushless exciter and solenoid were
mounted in a weather proof box and installed inside the genset enclosure. As the weather
in Wisconsin can fall below -30F all the components used in the power drive board were
carefully selected and the box was carefully located to ensure that the electronics are not

damaged by dust, snow and rain.
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Fig. 62: Schematic of power stage board used to drive exciter and governor solenoid

The final modification to the genset was to install an incremental encoder on the shaft to
obtain the position of the rotor. The vibrations of the genset during starting, running and
stopping operations caused this to be a very challenging exercise. In its current form the
encoder is cantilevered off the end and is connected to the genset shaft using a flexible
metal coupling. The encoder itself is mounted on a plate fixed to the genset chassis to
minimize vibrations. The best option would be to have the manufacturer incorporate the

encoder into the genset during the design phase.
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The electronic governor and voltage regulator control are implemented on Motorola
56F805 DSP. The measured genset voltages, current, exciter current, solenoid current and
rotor position are fed into the DSP as inputs. The signals from the genset are fed to the
DSP using shielded twisted pair cables to decrease noise and cross-talk. The DSP
implements the control algorithm proposed in Section and outputs a duty ratio signal to
the power devices that control the brushless exciter and fuel solenoid.

The DSP used for the control is a 16 bit controller and is capable of a limited number of
32 bit operations. To improve the resolution of the controller most of the critical
operations are performed using 32 bit math. No significant disadvantages were observed
in implementing the controller digitally as the fundamental frequency of the system is

nominally 60Hz and the controller was set to run at 1.25 kHz .

6.6 Test results for operation of modified genset controller in a
microgrid

The section presents the simulation and experimental results for the operation of the
genset with the modified controller. The first subsection discusses the variation of the
genset reference while connected to the grid, which enables the user to change the
dispatch within the microgrid. The second subsection presents simulation and
experimental results for an islanding event of the genset similar to the one discussed in
section 5.4. Finally the third subsection looks at the performance of the modified genset
for an islanding event with inverter based sources present, similar to the discussed in

section 5.5.
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6.6.1 Test results for genset power reference variation while

connected to grid

The EMTP model for the diesel genset in a microgrid environment with grid is shown in
Fig. 63. The ability of the genset to vary its output power while grid connected was tested
extensively. The various events taking place during the experiment are:

1. Increase in power reference from 0.2pu to 0.325pu

2. Decrease in power reference from 0.325pu to 0.2pu

%
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Fig. 63 : EMTP model of diesel genset connected to grid through static switch

Fig. 64 shows the real and reactive power variation of the grid and genset during step
changes in the genset power reference and Fig. 65 shows the system frequency and
genset terminal voltage during the same set of events. We can see that the genset is able
to respond to the reference change in roughly 1-2s, the gradual change in power is due to

the slight variation in grid frequency (Fig. 65) that affects the output of the genset .
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During the reference change the flow of reactive power changes and the Q-V droop

ensures that the reactive power is kept under check. With the conventional controls the

genset was constrained to output a fixed power while connected to the grid. The modified

controls enable us to change the power and/or the voltage reference on the fly to vary the

dispatch based on the users requirements.

One of the problems with the conventional genset controls was the inability to change

power reference on the fly of the mechanical governor. With the electronic governor and

the ability to change the power reference using software the user now has the ability to

layer on a dispatch schedule either based on reducing emissions, cost or any other

objective. This is a key step in utilizing the microgrid to not only maintain reliability and

power quality but also to utilize the various distributed resources optimally.



98

101
1.008 — Gri
1.006
1,004

1.002

meoocos0< —OE—

0992
099

Time[s]

]
u
p 102
[
e 101
g
T 1
1 wWWW\J\%
2 o090 _ YA
J =
PR PN PPN e [ AT
098
0370 10 15 20 25

Time[s]

Fig. 65: Experimental waveforms for system frequency and genset voltage during power reference
variation of genset with modified controller

6.6.2 Test results for operation of modified diesel genset in a

Microgrid

In this section the response of the genset with the modified control to an islanding event
is studied. The various events taking place in the test are:

1. Initially the genset is connected to the grid

2. The load in the system is increased at 5s simulation and 0.75s experiment

3. The grid is disconnected at 12s simulation and 7.5s experiment
Fig. 66 and Fig. 67 show the simulation results obtained from EMTP for the test and Fig.
68 and Fig. 69 show the experimental results obtained. Prior to the increase in load event

we can see that the circulating VAR’s have been decreased to a very minimal amount
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using the new controller (Fig. 66 and Fig. 68) due to the presence of the reactive power
droop curves which changes terminal voltage. We can see that when the genset is
connected to the grid and the load is increased the genset does not pickup the load (Fig.
69). This is to be expected as the genset operates at a fixed output reference power due to
the fixed frequency maintained by the grid. At 7.5s when the grid disconnects the genset
picks up the excess load. At the instant of islanding the genset frequency falls and this

cannot be changes due to the fixed time-delay inherent to the operation of the genset.
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Fig. 66: Simulated genset output real power, reactive power, frequency and voltage waveforms with
modified controller for load increase and islanding test

The speed of the genset (Fig. 68) is restored to its steady state value within two seconds
with very good dynamics in comparison to the 3-5s response seen with the mechanical
governor. In the simulation results the speed is restored much quicker as it does not

account for all the filter delays used in the experimental setup. The effect of the islanding
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and change in load shows negligible effect on load terminal voltage shown in Fig. 67

which is desired.

10

Timels]

Fig. 67: Simulated load voltage waveform with modified controller for islanding and load decrease

scenario

The decoupling of the electrical torque in the electronic governor is one of the critical

elements of the speed controller. The presence of this disturbance input decoupling helps

the control to respond quickly to load changes and enhances the performance of the

genset.
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Fig. 68: Experimental waveforms for genset real power, reactive power and frequency with modified
controller for load increase and islanding test
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Fig. 69: Experimental waveforms for grid real and reactive power during islanding operation of
modified genset in a microgrid



102

6.6.3 Test results for modified genset controller in microgrid

environment with inverter based microsource

Fig. 70 shows the EMTP model of the system being tested and Fig. 71 shows the steady
state points in the power frequency plane; the various events taking place are:

1. Initially the grid, genset and inverter based source are all connected together

2. The load in the system is increased at 2s (simulation), 2s(Experiment)

3. The grid is disconnected at 6s (simulation) and 9.2s experiment
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Fig. 70: EMTP model of diesel genset with modified controller in UW-microgrid system

Fig. 72 to Fig. 74 gives the various results obtained from the simulation and Fig. 75 to
Fig. 77. Fig. 72 shows the simulation results for the genset output during the test and Fig.
75 the experimental results. Fig. 74 and Fig. 76 present the simulation and experimental
waveforms for the inverter output respectively during the test. Fig. 77 presents the real

and reactive power delivered by the grid during the experimental test.
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Fig. 71: Power frequency droop curves for microsource and genset with modified controller

One of the chief problems with the existing genset voltage regulator was the large
circulating VAR’s due to the absence of a reactive power droop. From Fig. 72 and Fig.

75 we can see that the circulating VAR’s have been significantly brought down.
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Fig. 72: Simulated genset real power, reactive power, voltage and frequency waveformd in a
microgrid system with modified genset and inverter based source
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After the islanding and subsequent load change events the system is stable and the

frequency and voltage are within prescribed (IEEE 1547) limits. During the load increase

the genset and the inverter do not pick up the load as shown in Fig. 75 and Fig. 76. The

sources put out their reference power and the grid picks up the increased load as shown in

Fig. 77. The circulating reactive power between the various sources is kept under control

due to the QV droop and is much lesser than the value with the original controller .

10

Timels]

Fig. 73: Simulated load voltage waveform in a microgrid system with modified genset controller and

inverter based source

At 9.2s when the grid is disconnected the inverter picks up the load increase initially

(Fig.), the genset picks up it share in roughly 1-2s. This is to be expected as the inverter

can respond much faster than the IC engine. The frequency variation after the islanding

operation is minimal as the two sources pick up the load. The load is shared more evenly

between the genset and inverter as the droop of the genset has been reduced. Due to the
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electronic governor the speed of the genset reaches its steady state value (Fig. 75) within
two seconds. The overall effect of the set of events on the load voltage waveform is

negligible and this is a desirable feature..
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Fig. 74: Simulated real power, reactive power and voltage waveforms for inverter based source in a
microgrid system with modified genset controller
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Fig. 75: Experimental waveforms for genset real power, reactive power, frequency and voltage
during islanding operation of modified genset in a microgrid with inverter based sources

The results show the improvement in genset performance for microgrid operation. The
presence of the QV droop decreases the circulating VAr’s between the sources. The
observer based genset controller improves the dynamics of the genset response and the
electronic governor enables the engine to respond much quicker to load changes.
Furthermore the modified controller enables the genset to share load more evenly with
the inverter based source. This demonstrates that gensets and inverter based sources can
coexist in a microgrid environment and maintain system reliability and power quality.
The simulation results match closely with the results obtained from the experimental

setup and validate the model for the genset proposed in the previous chapter.
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Fig. 76: Experimental waveforms for inverter real power, reactive power, frequency and voltage

during islanding operation of modified genset in a microgrid with inverter based source
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6.6.4 Test results for operation of multiple gensets in microgrid

environment

In this section the operation of multiple gensets in a microgrid environment will be
studied using a simulation study. Fig. 78 shows the EMTP model of the UW microgrid
setup with two diesel gensets each equipped with the proposed controller. Both the
gensets in the system are modeled on the 10kW kohler genset , only simulation results are

presented due to the absence of a second genset to carry out experimental results.
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Fig. 78: EMTP model of UW-Microgrid containing multiple gensets each equipped with modified
controller



109

In this simulation case both gensets have the same power reference point (0.5pu) and are
initially connected to the grid. The initial load in the system is close to 9kW and is
provided by the two gensets and the grid.
The various events occurring in the simulation are:

1. Initially grid and two gensets are connected and are supplying 9kW load

2. Load increases by 2kW at time 2s

3. Grid is disconnected at 6s
Simulation results for the test are presented in Fig. 79 and Fig. 80. Fig. 79 shows the real
power, reactive power, frequency and voltage for Genset 1 and Fig. 80 depicts the same
results for Genset 2. From the simulation results we can see that during grid connected
operation the circulating VAR’s are kept under check and both the sources are operating

at their reference powers.
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Fig. 79: Simulation waveforms for Genset 1 real power, reactive power, frequency and voltage for
operation in a microgrid system with two gensets operating with modified controller
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The increase in load at 2s is picked up by the grid and hence the output real power of the
sources does not change. There is a change in the reactive power produced by each genset
due to change in system node voltages after the load pickup by the grid. After the grid
disconnects at 6s the two gensets pick up the load in the system and there is a slight drop
in frequency at the instant of islanding. Due to the presence of the stroke delay the
gensets are not able to respond instantaneously and this results in the drop of frequency

which is absent if an inverter based source is present (Fig. 76).
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Fig. 80: Simulation waveforms for Genset 2 real power, reactive power, frequency and voltage for
operation in a microgrid system with two gensets operating with modified controller

Overall the system is stable during the entire simulation run and shows that the system

can operate even in the absence of inverter based sources.
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6.7 Summary

The chapter presents the design and analysis and experimental validation of the observer
and controller for the IC engine genset. An enhanced luenberger topology is chosen for
the observer that accurately estimates the rotor speed and genset ‘d’ axis mutual flux
voltage. The observer guarantees zero steady state error within its bandwidth even in the
presence of parameter errors. Using the output of the observer an electronic governor and
a voltage regulator has been designed. The electronic governor incorporates command
feed forward, state variable controller and a disturbance input decoupler. Due to the
presence of the engine delay the governor cannot instantaneously correct for sudden load
changes. This time delay ensures that the shaft mechanical torque does not change
instantaneously after a fuel command change. Hence during this time interval the speed
will vary and the difference in power would need to be supplied from the other sources in
the system and the mechanical inertia in the genset. However the incorporation of the
electronic governor significantly decreases the time during which the other sources have
to contribute the excess power. Simulation and experimental results confirm that the
incorporation of the reactive power droop characteristic decreases the amount of
circulating VAR’s in the system. The decoupling of the electrical torque in the electronic
governor is one of the critical elements of the speed controller. The presence of this
disturbance input decoupling helps the control to respond quickly to load changes and
enhances the performance of the genset. Furthermore the proposed controller also enables
it to share load more evenly with other sources in the system.

The proposed controller demonstrates the ability of the IC engine based source to work in

conjunction with inverter based sources in a microgrid environment and share load
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evenly, maintain system voltage and improve the genset dynamics during various events.
Simulation tests demonstrate the performance of multiple gensets operating in a
microgrid environment in the absence of any inverter based sources. Due to the time
delay inherent to the operation of IC engines there is a drop in frequency during load
changes occurring in an islanded operation. This drop in frequency is absent if an inverter
based source is present due to the much faster response of such sources, however the

absence of an inverter based source does not cause any system instability.
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CHAPTER 7. Induction machine starting in a microgrid

environment

Induction machines are commonly used in distribution systems to drive fan loads, pump
loads etc. These machines are typically line-started and draw significant reactive power
from the utility supply during the starting phase. Typically with a stiff supply the starting
of an induction machine causes a negligible effect on the supply voltage. However in
areas with a weak connection to the grid the starting of induction machine causes
significant voltage sag which effects power quality. In the analysis of microgrid power
systems the loads that have been considered were typically passive loads [20, 21]. In this
chapter we study the effect of line starting induction machine in a microgrid environment

by performing EMTP simulations.

7.1 Starting kVA requirements for line start induction
machines

The induction machine is a very nonlinear device and draws significant reactive power
when it is line started. To reduce the inrush current, starters are used which decrease the
line voltage during start for a certain period of time and then restore full voltage to the
machine. Reducing the line voltage decreases the starting torque and increases the time it
takes to reach steady state speed. In the EMTP simulation studies performed we do not
employ a reduce voltage starter and essentially look at the voltages in the system during

the machine starting phase. The maximum size of induction machine that can be used in
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the microgrid if its line started can be determined by looking at its starting kVA
requirement. We assume that the kVA required by machine being started is less than the
kVA rating of the distributed generators in the system. This is a fairly conservative
requirement (expand this here). To estimate the kVA required by the machine during start
we will use the scaling laws developed for NEMA class B machines in [76].

The parameters for the NEMA class B induction machine can be obtained by using the
scaling laws specified in [76] and are mentioned below. The scaling laws are based on the
pole pitch of the machine that can be deduced using the power of the machine P in
horsepower and the number of pole pairs N,. Using the pole pitch (tp)the other

parameters of the machine can be calculated.

p 16/23
= 0.084|— (46)
Np
X] X9 = 0.2 (47)
T, 1/2
Xy = 10(1—\13) (48)
p
-1
r; =0.0033 (rp) (49)
-1
r5 =0.004 (rp) (50)

Impedance of induction machine at start is (neglecting magnetizing reactance)

-1
Zgtar = 0.0073 ()~ +i0.2 (51)
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Using the impedance of the machine at start the initial KVA required by the machine for a
line start at rated voltage can be estimated. The starting kVA in per unit required by the
machine for different ratings is plotted in Fig. 81. We can see that the starting kVA
required is roughly a maximum of 5pu. The split between starting kW and staring kV Ar

is plotted in Fig. 82 and we can see that for larger machines the starting kVAr dominates

the kVA requirement.
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Fig. 81: Starting kVA required by induction machine for line start at rated voltage

It has been shown [77] that during large signal changes such as online starting the
saturation of the reactances needs to be accounted to correctly predict the transient of the
machine. To correctly predict the saturated reactance of a machine the approach utilizes
finite element analysis to calculate the flux linkages in various parts of the magnetic
circuit. This method provides for an accurate estimate of the saturation factors for various

inductances but results in a significant computational burden on the user. The scaling
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laws provide a good estimate of the various inductances in the machine and even though
they do not incorporate the saturation phenomenon they still provide a very good initial

estimate of the starting kVA requirement for a large range of induction machines.
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Fig. 82: Starting kW and kVAr required by induction machine for line start at rated voltage

With the decreasing cost of power electronics it is possible that induction machines
would utilize an inverter drive at the front end to improve efficiency. Induction machine
inverter drives are typically programmed for a soft-start using a V/Hz ramp which allows
the motor to run upto speed without drawing excessive currents from the supply. In this
case the starting kVA requirement is much lesser and will typically not be an issue for
isolated systems.

In the event that a line-start induction machine is to be connected to a microgrid the
sizing of the motor becomes a critical issue. From the previous discussion we can see that

the starting kVA required by a line started induction machine is roughly 5 times the
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rating of the machine. Hence we can argue that the rating of the machine to be started
should be roughly 1/5™ of the available generation. Most backup gensets are able to start
motors that have very similar ratings to the gensets itself. They are able to achieve this by
reducing the voltage to start to reduce the kVA requirement. In a microgrid we aim to
keep the voltage and frequency under very tight bounds and hence we really cannot start
such large motors. Instead we can conservatively limit the size of the motor to 1/5™ of the
available generation. In a given microgrid the system planner would have to account for
the various loads and sources to size the motor that can be connected. This guideline
gives an estimate based on starting requirements; the other important issue to consider is
the stability of the system under such a transient. The models developed for the genset
and microgrid enable us to test such transients using simulation studies, which are

explained in the next section.

7.2 EMTP based simulation results for induction machine
starting

The induction machine line start phenomenon is studied by performing EMTP simulation
tests. The system under test is the UW-Microgrid environment and an induction machine
of 2kW rating was connected to the system and line started. The rating of the genset is
10kW and based on the 1/5" sizing a 2kW induction machine was chosen. The system
was simulated with different sources connected in the system and the stability of the
system was studied. The tests were conducted in 5 steps:

1. Induction machine start in Microgrid with conventional genset

2. Induction machine start in Microgrid with inverter based microsource

3. Induction machine start in Microgrid with modified genset controller
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4. Induction machine start in Microgrid with conventional genset and inverter based
microsource

5. Induction machine start in Microgrid with modified genset and inverter based
microsource

Detailed simulation results for each test are presented in the subsequent sections.

7.2.1 Induction machine starting in microgrid system with

conventional genset

Fig. 83 shows the EMTP setup for testing the start of an induction machine in a microgrid
system with a genset with a conventional controller. The simulation is carried out with
the microgrid disconnected from the utility supply. The genset is initially supplying
resistive loads in the network and the induction machine is started at t = 3s. Fig. 84 shows
the per unit real and reactive power output of the genset during the entire simulation test.
We can see that at 3s when the machine starts there is an increase in reactive and real
power output. There is no load torque on the machine shaft and hence at the end of the
start the output real power falls back to the value before start. There is a slight change in
reactive power at the end of the start as the genset is now providing magnetizing VAr’s to

the induction machine.
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Fig. 83: EMTP model for testing line start of induction machine in Microgrid with conventional
genset

Fig. 85 shows the genset terminal voltage and the genset speed during the entire
simulation run. We can see that the motor speed reaches steady state in less than 2
seconds and during the staring phase the voltage sags which reduces the kVA required by

the machine.
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Fig. 84: Simulated genset output real and reactive power waveforms for induction machine line start
with conventional controller
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The genset speed is governed by the mechanical governor and it takes around 5s for it to
settle down. The drop in voltage is observed in the load voltage waveform shown in Fig.
86. Fig. 86 also shows the phase current of the induction machine during the entire
simulation result. We can see that there is no instability during the transient and the

machine ramps up to speed and the genset survives the transient.

7.2.2 Induction machine starting in a microgrid system with inverter
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Fig. 87: EMTP model for testing line start of induction machine in Microgrid with inverter

The inverter is initially supplying resistive loads in the network and the induction
machine is started at t = 5s. Fig. 88 shows the per unit real and reactive power output of
the inverter during the entire simulation test. We can see that at 5s when the machine
starts there is an increase in reactive and real power output. There is no load torque on the

machine shaft and hence at the end of the start the output real power falls back to the
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value before start. There is a slight change in reactive power at the end of the start as the

inverter is now providing magnetizing VAr’s to the induction machine.
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Fig. 88: Simulated inverter output real and reactive power waveforms for induction machine line

start.

In comparison with the start using the genset (Fig. 85) we can see from Fig. 89 and Fig.

90 that the inverter terminal voltage drops during the starting phase. The drop in voltage

is due to the fact that the inverter employs a QV droop and decreases the voltage as the

induction machine demands reactive power during start. Once the machine starts up the

reactive power required is just the magnetizing current and the terminal voltage of the

inverter is restored to a value close to its initial setting. In comparison to the genset start

the only difference is that the voltage in the system does not drop as much during the

initial part of the starting phase and the frequency transient is much better.
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7.2.3 Induction machine starting in microgrid system with modified

genset controller
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Fig. 91: EMTP model for testing line start of induction machine in Microgrid with genset with
modified controller

Fig. 91 shows the EMTP setup for testing the start of an induction machine in a microgrid
system with a genset with a modified controller. The simulation is carried out with the
microgrid disconnected from the utility supply. As before the genset is initially
supplying resistive loads in the network and the induction machine is started at t = 3s.
Fig. 92 shows the per unit real and reactive power output of the genset and Fig. 93 shows
the genset voltage and speed during the entire simulation test. We can see that in
comparison to the conventional controller the terminal voltage is held to a lower value

due to QV droop and hence the starting kVA requirement is slightly lower.
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Fig. 92: Simulated genset output real and reactive power waveforms for induction machine line start
with modified controller
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Fig. 93: Simulated genset output voltage and genset per unit speed waveforms for line start with
modified controller
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There is no appreciable difference in the startup time of the motor as seen in Fig. 94 in
comparison to that seen in Fig. 86 with the conventional controller. In both cases the
system is stable and is able to survive the start of the motor with no significant over
voltages in the system. As expected the genset speed is much better during the transient

due to the presence of the electronic governor.

: ﬂ\ \ \ \ \ \ \ \ [ [ Losdvorape |
v iyl i L I I LI st A I i Il AR IR AT ALHH T TILINH IHTHI
t |I||I|I|!I||I|!||I||I|I||I||I||||I||I||!II||I||I|I!|I||I!I||I||I|i||||||||I|I||I|lI|I||!||I||I|Ii|I||I|I||I||I|Il||||I|I||I||I||I|I||I||I|Il|I|!I|I||I||!||!II||I||I!I||I||I|!||I||!||I|i||||||||||I||I!I||I||I|I||I||I||I||||I|!I|I||!||I|!||I||I||I||||I||I|I!|I||I|I||I!|I||I!I||I||I|i|||||||I||I||I|l|||||!||I|I||II|I|II|I||III||II|I||I|I||I||I|I||I||I|I||I||I|I|I||III!IIIIIIIIIIIII||I|I||Ii||||||||!I||I|!||I|II|
s |I||I|I||I||I|I||I||I|I|||||I||I|||||||I||I||I!I||I||I|I||I||I||I|I||I||I|I||!I|I|I|||||!||I|I||I||I|I||I||I|I||I||III|II||I|l||||||||I|I||I||I|I||I|||||||I||IIIIIIIIII!IIIIII|||||||I||I||!|I|I||I|I!|I||I|I||I||I||I|I||I||I|I||I||I|I||I|||||I||I||||I||I||I|I|!I||I||I|I||I||I|I||I||I|I||I||!|I||I||||I!|I||I||I|I||I||I|I|!I||I||IIIHI||I|I||I||I|I|||||I||I|I||l||||||||||!||||||||I||I||I||I|I||I||I|I|!I||I|
I 1 |||||||||||||||||||||||||||||'|||||||||I!|||||||||||||||||||!||||||||||!I||||||||||||||||||I |||||||||||||||||!|I||I|||!I|||||||I||||||||||||||||||||||||l|||||||I|||||||||||!I||I||I|I|'I||I|I|||||||||||||!||I|I||I| AN Y AEN YR OTR ||||||||||I|||||||||||||||||||!I|||||||||||||I||||!||I||I|I||!||I|
Lol ITNTAANARAET R |||I||I|I||I||I!II|I||I||!|I||I||I|I||I||I||I|I||I||I|!||I||I|I||!||I|I||I|I||I|I|||!|I|I||I||I|I||I||I||I|I||I||I||||I||I|I||I||I||I||||I||I|I|||||I|I||I!|I|I||I||I!|I|I||I||I|I||I||I|!||I||I||I|!I|I||I|I||I||I|I||I||II|I||II!I|I||I||I|!||I||I||||I||I||I||||I||I|I||I||I|
O e O IO TV N U R FPAi o rii

150 !|!|I|I||I|!I|I||I||I|!I!I||I|I||!||I||III!||||I|I||I!|l||||||!I||I|I||!|!I|I||I||II!|i||||||!|!||I||I!I!I!IIIIIIII!IilI||||!Ii||||||I||I|I||I||I|I||I|!I||I!I!||||I|I|II||I|I||!IlI||I|I||!||I|I|II!|I|I||I||I!I!|I||I|!I!I||I||i|!|||||I|I||!|!I||III!I!IIIIIIII!IIIIIIIIII!IlIIIIII!I!IIIIII!I!|II||I|II|!|HI||I|I!I!IIIIII!I!I!II||I|l|!||||||||!III||I||!|!|!I||I||!I!I|I||III!|I||I|I|II!I!|I||I||I!|||I||II!IIIIIIIIII

-200

250 \ \ \ \ \ \ \ \ \ \
[ 1 2 3 4 5 6 7 8 9 10
Time([s]

‘ ‘ —— M current

oc o3~ —p—
$8883.23888 38

Timels]

Fig. 94: Simulated load voltage and induction machine phase current waveforms for induction
machine line start with modified controller
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7.2.4 Induction machine starting in microgrid system with

conventional gensets and inverter
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Fig. 95: EMTP model for testing line start of induction machine in Microgrid with inverter and
genset with conventional controller

Fig. 95 shows the EMTP setup for testing the start of an induction machine in a microgrid
system with an inverter based source and a genset with conventional controller. The

simulation is carried out with the microgrid disconnected from the utility supply.
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Fig. 96: Simulated genset output real and reactive power waveforms for induction machine line start
with inverter based source and genset with conventional controller
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Fig. 97: Simulated genset output voltage and genset per unit speed waveforms for line start with
inverter based source and genset with conventional controller
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As before the sources is initially supplying resistive loads in the network and the
induction machine is started at t = 5s. Fig. 96 and Fig. 98 show the output real and
reactive power of the genset and inverter based source. In this simulation the inverter is
operated close to its real power limit. The genset terminal voltage shown in Fig. 97 does
not fall as much as in Fig. 85 as we now have two sources to provide the needed reactive

power during the line start.
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Fig. 98: Simulated inverter output real and reactive power waveforms for induction machine line
start with inverter based source and genset with conventional controller

Fig. 99 shows the load voltage and the induction machine phase current during the
machine start. We can see from the simulation results that the system is stable during the
event and that the induction machine takes less than 2 seconds to startup. The inverter
operates above its power limit for almost a second and this could be detrimental to its

operation depending on the design.
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7.2.5 Induction machine starting in microgrid system with modified

gensets and inverters
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Fig. 100: : EMTP model for testing line start of induction machine in Microgrid with inverter and
genset with modified controller

Fig. 100 shows the EMTP setup for testing the start of an induction machine in a
microgrid system with an inverter based source and a genset with conventional controller.
The simulation is carried out with the microgrid disconnected from the utility supply. As
before the sources is initially supplying resistive loads in the network and the induction
machine is started at t = 5s. Fig. 101 and Fig. 103 show the output real and reactive
power of the genset and inverter based source. The inverter is again operated close to its

power limit.
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Fig. 101: Simulated genset output real and reactive power waveforms for induction machine line
start with inverter based source and genset with modified controller
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Fig. 102: Simulated genset output voltage and genset per unit speed waveforms for line start with
inverter based source and genset with modified controller
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The genset terminal voltage remains fairly constant throughout the whole start as seen in

Fig. 102 and the load terminal voltage also remains fairly constant.
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Fig. 103: Simulated inverter output real and reactive power waveforms for induction machine line
start with inverter based source and genset with modified controller

From the simulation we can see that the system is stable during the starting of the motor
even in the presence of multiple types of sources. The droop control on both the genset as
well as the inverter reduces the terminal voltage when the induction machine starts up in
response to the kVA required at start. This is similar to employing a reduced voltage or
soft starter and hence the machine should have no stability issues during startup. In
comparison to the simulation results using the conventional genset controller (Fig. 98) we
can see from Fig. 103 that the inverter overshoot in power is much lesser. This is due to

the fact that the genset is able to pick up the load much quicker.
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Fig. 104: Simulated load voltage and induction machine phase current waveforms for induction
machine line start with inverter based source and genset with modified controller

7.3 Summary

In this chapter the line starting starting of induction machines in a microgrid environment
is studied. Based on the scaling laws for NEMA class B induction machines we can
estimate the required starting kVA for machines with different ratings. This enables us to
size the induction machine that can be started in a given microgrid system with different
types of sources. Typically the starting kVA requirement of the motor is 5 times its
rating. In the event a soft starter or drive is not used for the induction machine the kVA
required by the machine would put a significant burden onto the distributed generators
present in the microgrid. To ensure that the sources can provide the necessary kVA the
size of the induction motor used in the system is limited to 1/5™ of the available

generation. This study assumes that the starting kVA required by the induction machine
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can be provided by any one of the sources in the system. The stability of the microgrid
system for the induction machine line start operation is studied by performing EMTP
simulations. Simulation tests show that the system is stable and the sources are able to
provide the necessary starting kVA. The droop control on both the genset as well as the
inverter reduces the terminal voltage when the induction machine starts up in response to

the kVA required at start, which is similar to employing a reduced voltage or soft starter.
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CHAPTER 8. Stability analysis of UW-Microgrid system

using Lyapunov’s first method

8.1 Introduction

This chapter looks at the stability analysis of the UW-Microgrid system with genset and
inverter based sources. The stability of the system is studied by looking at its eigenvalues
at a steady state operating point. The movement of the eigenvalues with varying load at
different real and reactive droop values is also studied. The microgrid system and in
general a power distribution system with multiple interconnected sources is a highly
nonlinear system. Traditionally the method to study the stability of nonlinear systems is
to use an appropriate lyapnuov function. However in the case of a power system with non
trivial conductances it has been claimed that there does not exist an appropriate lyapunov
function [78]. New developments in interconnection and damping assignment based
passivity control (IDA-PBC) [79] however raise the possibility of developing a globally
stable control law for lossy power systems.

The approach used is to look at small signal stability of the system at various operating
points when the microgrid system is connected to the grid and as an islanded system.
Even though this method does not cover large signal changes it still provides us valuable
information regarding the contribution of the real and reactive power droops of the

individual generators to the system eigenvalues.
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8.2 Modeling of system components

The first step in the formulation of the problem is to derive the model of the system. The
various components include the inverter based sources, the genset and its controller as
well as the various lines and load in the system. The model for the genset and its
controller has already been presented in Chapter 6 and this section discusses the
modeling of the inverter based source and passive impedances in the network. A key
thing to note is that in the approach presented in this section the lines connecting the

various sources are modeled using dynamic equations instead of algebraic equations.

8.2.1 Modeling of inverter based source

The design of the droop controllers for an inverter based source has been presented in
[20] and [21]. The relevant equations that describe the control of the inverter are

presented below:

Pi=Vqiigi T Vdi ldi (52)

Qi = Vqi idi - Vdi lgi (53)
*  ref ( ref )

Vi TV Tmg\Qp -Q (54)
c ( * ) Kj

Vi =V vy Kp+? (55)
*  ref ( ref )

o; =@, +mpP P (56)

g
ei = O ? (57)
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Vqi = Vf cos 6; (58)

Vdi = —Vf sin 0; (59)

The LC filter for the inverter is integrated with the network impedances and is used in the
calculation of the equivalent Ybus of the system. In the system model the values of the
real and reactive power droops are set as variables and the movement of the eigenvalues

with respect to these droops can be plotted.

8.2.2 Modeling of network

The microgrid system consists of several generators connected to each other via lines and
feed various loads in the system. Each of the lines in the system can be modeled in the
dg-frame rotating synchronously with the system frequency. In steady state this would
result in constant DC values for the line dq currents. The state equations describing the

dynamics of a line and similarly for a load are presented below.

_ dhq
Vdi—VdS—R1d+L1d dt —COIq (60)
dl
_ —lq
ti—VqS—R1q+L1q m + oly (61)

The next step in the process is to derive the equations for all the passive impedances in
the system. The schematic for the microgrid system with two inverter based sources and a

genset based source is shown in Fig. 105.



139

Inverter based

[
=

source ‘\T/
Inverter based 3 J
source ¢
INV Fllter |
2 10 H%
14
¢
‘ i
INV Fliter +
¢
6 £
DG Xmer w

:

9

DG Xmer §
- Line Z5
1 480 480 208 5
" GRID 4‘_' S ‘ 4‘_ M~ ‘ 4‘_ e ‘ 4‘_ e } o f— } A
AN /

L
Line Z1 Grid -SS  Variac Grid Xmer Line Z2 Line Z3 7 Line 24
75 yard
S cable
. DG Xmer

4

o

Synchronous
Machine

Ole==aNa=

Fig. 105: UW-Microgrid schematic with two inverter based sources and a diesel genset source

To reduce the complexity of the network, Kron’s reduction was used to eliminate all
nodes except for the generator internal nodes. To achieve this we first calculate the
system Ybus. The system Ybus for a given network provides a relationship between the
voltages and currents.

[ 1] =[Ybus] x[V] (62)
Here the current vector I is given by the injected currents at each bus. Now we know that
current injections occur at nodes that have generators and hence the equation can be

rearranged to have the following form:

IV Y, Y,] [E

g aa a

0] [¥,

g

X
a Ybb Vn (63)

Solving for Ig we get :

I, =[Yaa— Yab(Ybb')Yba] E

¢ (64)

g
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This implies that the Ybus of the reduced system is :

Ybus_reduced = Yaa — Yab(Ybb')Yba (65)
This process reduces the network complexity and allows us to focus on the dynamics of
the equivalent lines connecting the various sources together; the resulting network is

shown in Fig. 106.

V1 Y12 vz

4“.)/

Fig. 106: UW-Microgrid schematic with two inverter based sources and a diesel genset source
8.3 Eigenvalues of microgrid system

The microgrid system consists of multiple sources connected by lines that feed passive
loads. Even though the network impedances are passive the nature of the power
frequency and voltage-reactive power droop curve based control makes the resulting set
of dynamic equations for the system highly non-linear. We will utilize lyapunov’s first
method to determine the eigenvalues of the microgrid system. The non-linear equations
of the system are solved at an operating point using numerical methods; at this operating

point the jacobian is calculated which is then utilized to calculate the eigenvalues of the
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system. Due to the large number of states in the system we will attempt to study the
movement of the eigenvalues with changing parameters such as power reference, droop
value etc to gain an insight into the stability of the system. The focus of the analysis is to
evaluate the system stability as a function of the genset parameters. Previous work (20,
21) has shown the stability of inverter based sources and here we will focus on the impact
of the genset on the system. We will look at the stability of the system for grid connected
as well as islanded operation. The transient from grid connected to islanded operation

cannot be studied using this method as it’s a large signal change.

8.3.1 Eigenvalues of grid connected microgrid system

In a grid connected microgrid environment the grid provides a reference voltage and
frequency to the analysis of the system. The grid is assumed to be a stiff source and
causes the other units to operate at its frequency. The presence of the grid simplifies the
modeling of the system as it provides us with a convenient synchronously rotating
reference frame. As mentioned before the network with the grid and the three sources is
reduced to the form shown in Fig. 106 using Kron’s reduction. The resulting system with
the dynamic equations for the sources is modeled in Simulink; a numeric solver is used to
calculate the operating point for a specified droop and power reference value for each of
the sources. Once the operating point is reached the ‘A’ matrix of the system is obtained
using the ‘linmod’ command in Matlab whoch is subsequently processed to obtain the
eigenvalues. Fig. 107 shows the eigenvalues of the system for a given operating condition
with power frequency droop (m;) value of 1% and reactive power droop value (mg) of
5%. The power setpoints for each of the sources was set at 0.1pu. The number of states in

the system is 44 and the figure charts out the location of each of the eigenvalues. Due to
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the complexity of the system looking at the individual eigenvalues does not provide us
with a lot of information. The key thing to note however is that all the eigenvalues are in
the left half plane and hence the resulting system is stable for small perturbations around
the operating point. The scale of the ‘x’ and ‘y’ axis in Fig. 107 is different and it must be
noted that most of the eigenvalues are highly damped.

Eigenvalues for m p= 0.01,m q= 0.05and Pset=0.1
600

400 |

200

-200

-400 u

-600
-14000 -12000 -10000 -8000 -6000 -4000 -2000 0

Fig. 107: Eigenvalues for microgrid system with two inverter based sources and a IC engine based
source with mp of 1% and mq of 5%

Using this process the eigenvalues for the system for variations in reference power of the
genset from 10% to 100% was calculated and the results are plotted in Fig. 108 and Fig.
109. Fig. 108 shows all 44 eigenvalues for each of the 9 power reference points of the
genset. Again all the eigenvalues are in the left half plane and the system is stable for
small perturbations. If we look into a zoomed in version of the figure shown in Fig. 109
we can see the motion of the critical eigenvalues closest to ‘0’ with the change in

reference is towards the left of the imaginary axis.
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Fig. 108: Eigenvalues for microgrid system with grid, two inverter based sources and a IC engine
based source with mp of 1% and mq of 5%

The direction of the arrow indicates the direction of migration of the eigenvalues with

power reference.

300

200

100

-100

Arrow ir

-200

-300

Fig. 109: Critical eigenvalue migration for genset Pref variation from 0.1pu to 1.0 pu for microgrid
system with grid, two inverter based sources and a IC engine based source
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We can see that the real eigenvalues closest to the real axis move towards each other but
do not become complex and hence the small signal response is not oscillatory. The
imaginary eigenvalues move closer to the positive real axis but their damping is large

enough to not cause any significant oscillations for small changes.

Fig. 110: Critical eigenvalue migration for genset mp variation from 1% to 5% for microgrid system
with grid, two inverter based sources and a IC engine based source

In Fig. 110 we see the variation of the critical eigenvalues for variation of the genset
power frequency droop from 1% to 5% for a fixed power reference of 0.1 pu. We can see
that all the eigenvalues are in the left half of the real plane and they move with the change
in droop value. The arrows indicate the direction of movement and we can see that the
eigenvalues closest to the real axis don’t move much and they do move left and away
from the real axis. It must be noted there are other real eigenvalues that are actually
moving towards the right. For droop percentages less than 1% the real part of the

eigenvalues closest to the imaginary axis is smaller and hence the system is closer to
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instability. The analysis for zero power frequency droop fails as the system is unstable

and the simulation does not converge.

Fig. 111: Critical eigenvalue migration for genset mq variation from 1% to 5% for microgrid system
with grid, two inverter based sources and a IC engine based source

Fig. 111 shows the variation of the critical eigenvalues for variation in reactive power
droop value from 5% to 1%. Again the system is stable for the change and most of the
eigenvalues close to ‘0’ are moving towards the left. There are certain eigenvalues that
are moving towards the right but do not cross over to the right half side and hence do not

cause any instability.

8.3.2 Eigenvalues of islanded microgrid system

In a islanded microgrid system the system frequency is set by the combination of the load
in the network, power reference and droop values for the individual sources. Using the
power reference and droop curves for each of the sources it is possible to compute a

‘system power versus frequency droop curve’. This curve can then be used in a
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simulation to calculate the system frequency at any point in time. The procedure used to
calculate the eigenvalues is almost the same as the method used in the previous sub-
section. In the islanded system the number of generating nodes is three and hence we
would have to recalculate the Ybus of the reduced network using Kron’s reduction. Once
we have the reduced network parameters we can combine them with the source models to
develop the dynamic equations for the whole system. The key thing to note is that the
transformation to the synchronous reference frame uses the system frequency calculated
using the ‘system power versus frequency droop curve’. At any point in time the total
load seen by each of the sources is summed, filtered and then the appropriate frequency is
read of the curve using a lookup table. The filtering is necessary to prevent an algebraic

loop from forming and results in an additional eigenvalues.

8l
s
)

Fig. 112: Critical eigenvalue migration for genset mp variation from 1% to 5% for microgrid system
with two inverter based sources and a IC engine based source
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Fig. 112 and Fig. 113 show the migration of the eigenvalues for variation in genset power
reference from 10% to 100% and variation of mp from 1% to 5% respectively. We can
see that the critical eigenvalues are all real due to the presence of the electronic governor.
Hence the dynamic response for small disturbances will be damped. Again if we see the
migration of eigenvalues in Fig. 112 the movement is away from the real axis to the left
and overall the system is stable. There are eigenvalues that are moving towards the right

but they are further away from the real axis.
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Fig. 113: Critical eigenvalue migration for genset mq variation from 1% to 5% for microgrid system
with two inverter based sources and a IC engine based source

8.4 Summary

The chapter discusses the stability of the microgrid system using eigenvalues analysis.
The model of the system includes detailed models for the genset, inverter based source as

well as dynamic models for the passive impedances. Kron’s reduction is used to simplify
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the network equations and numerical techniques are used to determine the operating
points of the non linear equations. At the operating point the eigenvalues are calculate
and these are used to study the small signal stability of the system.

It was observed that for the grid connected and islanded system all the eigenvalues were
located in the left half plane for a variety of operating conditions and hence the system is
small signal stable. The migration of the eigenvalues for variations in power frequency
droop and power reference was plotted and most of the critical eigenvalues were
observed to be moving away from the real axis. Some of the eigenvalues on the real plane

were moving towards the real axis but their effect is small as they are highly damped.
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CHAPTER 9. Scaling of controller scheme

This report has presented a controller scheme that improves the performance of the IC
enegine based genset and enables it to work in a microgrid environment with inverter
based sources. The effectiveness of the controller scheme has been demonstrated using
simulation studies as well as experimental tests for a given test system. The scale of
microgrid systems has been increasing and its use at the sub-transmission system is being
investigated. At higher power and voltage levels, power electronic front ends are
typically used to interface energy storage systems with the power distribution system.
The storage systems are controlled similar to the inverter based sources with an
additional state of charge estimate that determines the minimum and maximum power
limits. The algorithms for the control of energy storage systems in microgrid systems has
are currently been researched at UW-Madison. The scaling of the engine model and the
controller scheme for IC engine based gensets of higher power rating upto 2MVA will be
discussed in this chapter. The scaling of various elements of the IC engine model
presented in Chapter 4 include the pure engine delay, engine inertia, engine friction loss

as well as voltage regulator with power rating will be investigated in this chapter.

9.1 Time delay associated with power stroke for Ilarger

machines

The power stroke delay represents the maximum amount of time before which the engine
can respond to a change in fuel command. If the change occurs before the fuel is injected

into the cylinder the delay would be much smaller. Hence on an average the time delay
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would be less than one power stroke. However if we include the fuel actuator time
constant and the intake manifold dynamics the net time delay can be modeled as one full
power stroke. For a four stroke three cylinder engine operating at 1800 rpm the time

delay can be calculated to be Td = %% = 22ms. The pure engine delay is very critical

in the analysis of the operation of the engine system in a microgrid environment. During
this time frame the stored energy in the shaft of the system is depleted and the speed of
the engine decreases causing the output frequency of the generator to fall. In comparison
for an inverter based source the frequency drop is set artificially using the power
frequency droop curve and is maintained to within a half a hertz of the nominal
frequency. In a system with engine based sources and inverter based sources the drop in
frequency of the engine drive generator can cause significant over current and power
oscillations. From the simulation results presented in Chapter 4,5 we can see that after a
load change there is no significant over current for smaller engines and the power
oscillations are controlled effectively. The drop in frequency due to a load change for

larger engine based gensets will be quantified in this chapter.

As the power rating of the genset increase the IC engine typically has multiple cylinders
to produce the higher torque needed. However the increased number of cylinders does not
decrease the power stroke delay as multiple cylinders are fired at the same time. For
example a V12 engine may have upto three cylinders fire at the same time to result in 4
distinct firing instants during one complete cycle. The range for the engine delay for
engines upto HP is from 0.02 to 0.04 s [84]. The higher engine delays occur in machines

that run at a lower rated speed such as 1200rpm to decrease friction losses. Hence even as
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we the size of the engine increases the value of the pure engine delay still is less than
three electrical cycles. During this period the stored energy in the shaft will be depleted
and the governor cannot restore the frequency at which the genset operates. The drop in

frequency of the genset during this time is quantified in the next section.

9.2 Inertia and friction losses for large machines

In an IC engine genset the generator, engine and exciter contribute to the total inertia of
the system. In the 10kW Kohler genset installed at UW-Madison that has an inertia
constant of 0.19s the inertia of the individual machines is:

1. Engine: 0.3275 kg-m*

2. Generator: 0.116 kg-m’

From the inertias of the various components we can see that the inertia of the engine is
much larger than the inertia of the generator. The brushless exciter has negligible inertia
and does not contribute significantly to the total inertia of the system. Table 3 presents
the inertia of selected machines available from publicly available literature and Fig. 114

plots the inertia for alternators manufactured by Uljanik Inc [85].

A [80] B[80] C[80] D[80] E[81] F[82] G[83]

Rating

69 156 781 1044 1000 3125 4510
[kVA]
H [s] 0.329 0.205 0.5 0.535 1 1.07 1.05

Table 4: Inertia constant in seconds for various generators
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We can see that as the rating of the generator increases the inertia of the machine also
increases significantly. In a genset where the engine dominates the inertia of the system

we can conclude that the total inertia will significantly increase with the rating.

Machine inertia for Uljanik Industrial and Shipboard generators
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Fig. 114: Inertia of 480V (LV) and 6.3kV (HV) synchronous generators manufactured by Uljanik Inc
[85].

With higher inertia the per-unit drop in speed for a load change decreases and hence the
frequency variation is lesser in comparison to machines that have smaller inertia. During
the pure engine time delay we can assume that the mechanical input to the shaft remains
constant. Neglecting the friction coefficient the change in speed of the shaft for a step

load is:
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[APe]
Ao(t) = o - SH. Ty [66]

Incorporating the friction coefficient K the speed of the engine at the end of the pure

engine time delay is:

K 2P KT
o(Tg) =wg e (2H) Td. (?e) sinh( 4Hd) (67)

Fig. 115 shows a diesel engine model for engines rated from 100HP to 1000HP from
[84]. The range of values for a (1/2H) is 0.1 to 2, 8 upto 0.04 and friction loss C is from
0.01 to 0.1. Hence for larger genset systems the maximum drop in frequency during the
pure engine time delay Td can be calculated using and is plotted in Fig. 116 as a function

of the inertia for starting from an initial frequency of 60Hz

load

407 HearH 695 ho =

Fig. 115: Model for 100HP to 1000HP Diesel Genset [84]



154

Drop in frequency of genset for step per unit load change as a function of genset inertia for Td =0.04s
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Fig. 116: Model for 100HP to 1000HP Diesel Genset [84]

In larger machines that have higher inertia the drop in frequency is smaller and this
prevents the phase difference between the genset voltage and inverter based voltage
source from increasing beyond limits. In fact the worst case scenario is for smaller
machines that typically have much lower inertia and higher friction losses, resulting in a
larger percentage change in speed during a load transient. From the simulation and
experimental results presented in Chapter 6 for load changes for a 10kW genset we can
see that the sudden drop in frequency does not cause the system to go unstable. Hence the
response for larger gensets if the controller is designed using the principle presented in
this work would be better and the resulting system would be able to survive large step
load changes. The effect of the electronic speed governor to restore the frequency

following the engine delay is studied in the next section.
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9.3 Electronic governors for large engines

The final aspect of the control of the engine is the action of the electronic governor.
Typically large gensets have PID controllers that track the commanded speed reference.
The governors work by sensing a change in shaft speed measured by a magnetic pickup-
toothed gear arrangement to either increase decrease the fuel command. Hence the
governor has to wait for the speed to change before it can implement its restoring
actuation. However in the controller scheme presented the change in electrical power is
directly fed to the electronic governor as feedforward and hence it can respond much
quicker to a change in load. The transfer function for the system between electrical output
and speed incorporating actuator time constant and governor is given below.

-sTd
o(s) . l+st-¢ (l—mp(Kp+Ki/s))
Pe(s) i -STd( A

Kp -K + Ki/S >)

(68)
(1 +sr)(2Hs+K+e

The speed command tracking function based on the controller designed in Chapter 6 is

given below:

%
0. (5) K, +Kj/s
os) sTd

(69)

((2Hs + K)e (1 +57) + W5pHe(S) (Kp —KA +Kj/s >)

The stiffness transfer function and the speed command tracking transfer function can be
used to design the gains Kp and Ki needed to achieve the desired response and dynamic
stiffness. The main advantage of this form of governor is the incorporation of the
electrical output power and friction loss as additional signals to the controller.
Traditionally in a genset the voltage regulator and the electronic governor are individual

controllers that do not communicate amongst each other. This report presents a unified
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controller with a system observer that enables the genset to respond much better to

change in load and commands.

9.4 Voltage regulator and exciter machines for Ilarge

generators

The voltage regulator and exciter machine work together to control the main field
winding voltage and hence the terminal voltage of the machine. As the size of the
generator increases the various schemes used for exciting the field winding also increase.
The IEEE standard [86] covers most of the popular schemes used for regulating large
synchronous machines (in the MVA range). Smaller machines with ratings in the 100’s
of kVA typically use a brushless exciter that is powered by an auxiliary winding or from
a permanent magnet pilot exciter. The brushless exciter is an inside-out synchronous
machine with field windings on the stator and ac windings on the rotor. Smaller gensets
(ratings less than 100kW) use a single phase brushless exciter to reduce costs whereas
larger gensets use a three phase brushless exciter machine. The three phase machine
provides lesser ripple at the output of the flying rectifier module and hence lowers
heating losses in the rotor. Typically voltage regulators are PI or PID controllers that
regulate the terminal voltage to a commanded value by varying the field excitation. As
mentioned in chapter 6.4 the voltage regulator typically does not incorporate the speed
signal in its control. The terminal voltage of a machine depends on the product of the flux
linkage and the rotor speed and hence the speed signal can be used to decouple the effects
of the governor and help better regulate the terminal voltage of the machine to the desired

value. The controller presented in chapter 6.4 utilizes the speed command as well as
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command feedforward to generate the desired field voltage command enabling it to
regulate the voltage to the commanded value in a much better fashion. The design of the
controller for the field voltage presented in chapter 6.4 can be utilized directly for
machines of larger ratings. The choice of the controller gains would need to be made by
plotting the command tracking transfer function and deciding the gain values based on
the desired bandwidth. The design of the observer would have to be modified based on
the type of excitation system used but the principles remain the same irrespective of the
rating of the machine. Hence from a scaling perspective there are no issues with respect
to the control of the output voltage of the generator using the proposed voltage regulator

structure.

9.5 Summary

The chapter discusses the various issues related to the scaling of the controller presented
for gensets of larger rating. The main issue related to scaling is the variation in frequency
of the genset during a sudden load change. Due to the presence of an ideal time delay in
the engine the governor cannot control the output frequency for a brief period of time
during a load change. In a system with engine based sources and inverter based sources
the change in frequency of the engine driven generator can cause significant over current
and power oscillations. This chapter quantifies the change in frequency during the engine
delay for a step load change for machines with higher power ratings and shows that larger
rating machines have a much smaller drop in frequency. Due to the smaller drop in
frequency there is less of a phase shift between various sources in the system and the
power oscillation during a load change decreases. In fact the worst case scenario is for

smaller machines that typically have much lower inertia and higher friction losses,
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resulting in a larger percentage change in speed during a load transient. This report has
presented simulation and experimental test results for a step load change for a small
genset (10kW rating) which show that the drop in frequency does not cause the microgrid
system to go unstable. The presence of the reactive power droop and power frequency
droop in conjunction with the proposed controller enables the system to recover and

operate at the new steady state point.
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