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1 Introduction

This project focuses on the development of electrical models for small (1-MW) distributed
resources (DR) at the National Renewable Energy Laboratory’s (NREL’s) Distributed Energy
Resources Test Facility (DERTF). DR include all generation (e.g., photovoltaics, wind
turbines, fuel cells, microturbines, and engines) and storage (e.g., batteries and flywheels)
located at or near loads. The DERTF includes a Hybrid Power Test Bed, to which multiple
DR are connected. These devices include wind turbines, a diesel generator, a microturbine,
two village simulator load banks, and one alternating current-source (AC-source) grid
simulator.

The purpose of this project is to provide NREL with the ability to conduct electrical power
system modeling and analysis on the distribution system. This capability will allow NREL to
examine the effects of multiple distributed generation units at various penetration levels on
the electrical power system.

The first step of the project was to discuss which DR would be integrated into the microgrid.
After that was defined, a mathematical analysis was performed for each component. Most of
the modeling was based on the information contained in [1].

Before modeling the microgrid, it was necessary to determine which simulation software
would be most appropriate. Of the software packages tested and analyzed, it was determined
that PSCAD would be most suitable for this task.

With the mathematical analysis done and the appropriate software chosen, the modeling of the
backbone of the microgrid began. The purpose was to analyze the system and the interactions
of the DR with one another. Each machine was modeled individually and then inserted onto
the grid. Interactions between models and the microgrid could then be monitored and adjusted
to match their physical counterparts at the NREL testing facility.

The next step of this research is to model a fuel cell and integrate it into the microgrid. In
addition, validation of the developed models through actual testing of multiple types of DR
must be done to examine the electrical impacts of multiple DR on the electrical power system.
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Methodology

NREL, in collaboration with the Colorado School of Mines, developed advanced models for
multiple DR. The work developed in this project can be used to understand and model the
electrical effects of multiple DR on the distribution system and to determine the effects of
large penetrations of DR.

The following methodology was adopted for this project:

1.

DR model literature search

A literature search for available DR electrical models was conducted for inverters,
synchronous generators, microturbines, photovoltaic (PV) cells, and wind turbines and
induction generators [1, 2, 4, 6, 7]. This task helped bring together in a central location
the current electrical models for the various types of DR. Most of the models came
from [1], but the PV model was based on [2].

Electrical system modeling software evaluation

This part of the project involved selecting the best simulation software for analysis of
electrical power systems. The software chosen was PSCAD.

PSCAD is a power-system simulator for the design and verification of power quality
studies, power electronic design, distributed generation, and transmission planning. It
was developed by the Manitoba HVDC Research Center and has been in use since
1975. PSCAD is a graphical front end to EMTDC for creating models and analyzing
results. In PSCAD, one combines blocks to form a power network. These blocks are
actually FORTRAN code, which call for an EMTDC code library to combine them
into executable files. Running these files runs the simulations, and the results can be
picked up by PSCAD on the run.

PSCAD is suitable for the NREL DERTF for several reasons. PSCAD has fully
developed models of various devices used in the NREL facility. The library includes
models of synchronous and induction machines, transformers, three-phase converters,
relays, breakers, cables, wind turbines, and transmission lines. Saturation, magnetizing,
and leakage inductances can be disabled or enabled in the rotating machine models. If
enabled, up to 10 saturation curve points can be given. PSCAD also offers tools to
simulate various faults on the power system. Turbine models—including wind turbines,
governor, and other miscellaneous models—are also in the PSCAD library. In addition,
PSCAD has models that generate wind speed for the wind turbine.

In PSCAD, systems may consist of electrical and control-type components, which may
be interconnected to allow for an all-inclusive simulation study. The control systems
modeling function section of the PSCAD library provides a complete set of basic
linear and nonlinear control components. These components can be combined into
larger, more elaborate systems. Outputs from control components can be used to



control voltage and current sources, switching signals, and firing pulses for thyristors,
gate turn-off thyristors, and insulate gate bipolar transistors. Control components can
also be used for signal analysis, and outputs may be directed to online plots or meters.
In addition, PSCAD has an inbuilt model for a six-pulse SCR converter. Converter
models with other switching devices and firing circuits can be built using the control
systems modeling function library. Models of fuel cells or other devices not available
in PSCAD can be built using this library and be added to the master library. Users can
write subroutines for any unavailable components in FORTRAN or C (C++).

As in Simulink, multiple modules can be built inside a single project, and each module
can contain other modules. This provides a hierarchical modeling capability. PSCAD
has an interface to Simulink, but it is not suitable for continuous and simultaneous
simulations. PSCAD calls Simulink, which runs a whole simulation and then returns
the result to PSCAD.

Modeling in the PSCAD environment is not as intuitive as it is in circuit simulators
such as PSIM. However, once one gets used to wiring and other simulation controls,
building models in PSCAD is relatively easy.

PSCAD has complete models of most of the devices used in the NREL facility.
Models of other devices [such as fuel cells and pulse-width modulated (PWM)
inverters] that are not available in PSCAD can be built by the user. PSCAD has the
tools to implement control algorithms such as peak-power tracking for PV cells or
wind turbines. Graphing, plotting, and exporting results are easy. Therefore, PSCAD
is suitable for this simulation study.

. DR model development

Under this task, models of DR such as microturbines, PV cells, and diesel generators
were developed. Electrical models of inverters were also developed. Each model was
developed and tested individually and then connected to a three-phase distribution
system.

. Validation testing of developed models

This step is yet to be implemented. It consists of using the models developed in Step 3
to simulate the electrical configurations of DR at the NREL DERTF. Testing will
verify the model transient and steady-state models of electrical power flow.

. Final report and presentation

This report details the research conducted under this project. It includes information
about the availability of models and software to conduct analysis of the electrical
impacts of distributed generation on the electrical power system and the selection of a
specific modeling program. It also reports on the models that were developed.
Validation under actual test conditions is yet to be conducted.



3 Model of the Backbone

Figure 1 shows the microgrid at the NREL DERTF. The main components of the system are a
250-kVA grid simulator; a 120:480-V, 250-kVA transformer; a 480-V bus; a 165-kW—404-
kVAR variable R-L-C load bank; a 125-kW diesel generator; a 60-kW wind turbine; a 33-kW
microturbine; and a few three-phase and single-phase PWM inverters to inject power into the
bus from direct current (DC) sources.

% } g s 480 V Bus o
~ . ] 60 kW Wind
Utility Grid AZDU;;[\?IR Turbine
Simulator e

120:480

S _|-ef

Variable R-L-C load Diesel Generator
33 kW Micro Turbine

750V DC link
DC Power Sources ‘ )

) 3.5kW PWM ) e

Inverters 15 kVA ]

1200480 V

= = = 1-5 kW
t + + Iph
Constant current  Constant power PV Fuel cell Battery
control control

Figure 1. Microgrid backbone

The following sections discuss each DR.



4 Diesel Generator

4.1 Mathematical Analysis
The diesel generator used a synchronous machine model available in the PSCAD library.

Equation 1 shows the transformation of the stator windings into equivalent windings, using
the dq0 transformation, as follows:

Uy cos(9) cos(0—120°) cos(6—240°%)| |V,

a

U, [=|sin(0) sin(6-120°) sin(0—240°) |-| V,, (1)

wilh h oo v

The three-phase rotor winding may be transformed into a two-phase equivalent winding, with
additional windings added to each axis, as shown in Figure 2.

Figure 2. Diagram of the three-phase and d-q windings [3]

The d-axis equivalent circuit for the generalized machine is shown in Figure 3.

oy

Figure 3. D-axis equivalent circuit [3]



The mechanical torque is calculated by Equation 2 [3, 11].

Wy =LyIp; + LypIpy +1Ip; +1Ip3)

4.2 Simulation Results

Figure 4 is the 125-kW synchronous generator driven by a diesel engine. Included in this
schematic is the synchronous generator with exciter and timers with an AC source on the right
side representing an infinite bus to maintain voltage and a 50-pF capacitor for power
correction. L2N and S2M send a signal to the generator at 10 and 9.5 s, respectively, to allow
it to operate as a machine with mechanical dynamics rather than as a simple AC source. This
model is a better representation of a real-time system. The signal BRK is used to close the
breaker at 0.5 s to allow power flow through the system.

P Timer Timer p

(048 7 :[ :[ (__TIME JH:

= L2N S2M - RK
4 4

Enab Mech Dynamics Source to Machine Close BRK
Vref 0->1 @ 10.0 Sec 0->1 @ 9.5 Sec at0.5 Second
Exciter_(AC1A
VT

3 Phase %
RMS -
e
ﬁ‘
{1 RRL i
BRK

—d

Figure 4. 125-kW diesel generator

Below is the control system, also known as the Woodward governor, for the diesel engine. It
consists of a set of controls—whose input is the offset of the actual speed and the reference
speed—that control the actual diesel engine (labeled IC engine) and result in a controlled
output torque that is sent to the input torque of the synchronous generator.

Tm
_ O Ry SRRy g e | R ey N % ﬁ% 152 [ ]

SPEED D\, bl 1 17 ] 1Prest2| [ a+sT ‘ 1-e FL IC Engine =
. E T Diesel engine model to represent
WREF cylinder torque ripple and misfire

Figure 5. Woodward governor
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Output real power, reactive power, and terminal voltage are measured at the generator’s
output. Below are output graphs of the synchronous machine running solely as a source
without transitioning to machine with the rotor unlocked and the mechanical dynamics
enabled. Figure 6 provides the output graphs of the generator. The desired output of 125 kW
is achieved as is the desired terminal voltage, which at 1 p.u. is equal to 480 V. The blue
output represents the diesel generator; the green line represents the AC source. The negative
power output of the AC source represents power supplied to the source from the diesel
generator.

150 _=m REAL POWER GEN = RFAL POWER SRC
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100 4
75 A
50
25 A

kW

-25 -
-50 1
-75 4
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10 4

-10 4
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-30 1

-40 A
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= TERMINAL VOLTAGE
1.0008
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1.0000 -
09997-WL“MMMWMM_
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0.0 " 50 " 100 " 150 " 200
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Figure 6. Output of diesel generator without mechanical dynamics

Figure 7 displays the output when the machine transitions from a source to a machine at t =
9.5 s and the rotor is unlocked at t = 10 s, enabling machine dynamics. In the following
graphs, it is clear the machine is experiencing transient problems in the large power output
sine wave.
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Figure 7. Output of diesel generator with mechanical dynamics



5 Wind Turbine

5.1 Mathematical Analysis

The wind turbine also used a model in the PSCAD library. One way to control the active
power of a wind turbine is to regulate the power coefficient, C,, of the rotor turbine. C, can be
calculated by [4]:

-12.5
C,(B,A)= o.zz[lkE —0.4p— 5) e M
' (3)
11 0035
Ay A+0.088 B3+1
Where:

L = tip speed ratio
B = pitch angle.

The maximum power coefficient can be determined graphically. An example is given in
Figure 8. With the maximum C, value, it is possible to determine the optimum tip speed,
where there is maximum power capture. With this, the optimum turbine speed curve is
obtained and used as a reference in active power control.
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Figure 8. Maximum value of C, [1]

5.2 Simulation Results

The 65-kW Northern Power wind turbine also used a model available in PSCAD. Figure 9 is
the synchronous generator that closely resembles the actual wind turbine generator. Included
in the schematic is the exciter, the generator, an infinite bus with an AC source, and a 50-pF
capacitor for power factor correction. The input, Ty, is at the bottom of the synchronous
machine. The input torque—which usually is driven by a turbine, engine, or in this case, a
windmill—enters here.
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Figure 9. Wind turbine generator

Figure 10 is a schematic of the wind turbine and its components, including an input wind
speed that may be adjusted to ramp, gust, or create wind noise and a blade angle pitch

dynamics control.
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Figure 10. Wind turbine and components
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To make the simulation as close as possible to the real turbine, actual values were taken from
the Northern Power wind turbine Operation and Maintenance Manual. The extracted values
are provided in tables 1 and 2.

Table 1. Performance Parameters

Performance Parameters

Nominal power rating 100 kW
Rated wind speed 14 m/s
Cut-in wind speed 4m/s

Cut-out wind speed 25 m/s
Survival wind speed 70 m/s

Table 2. Rotor Parameters

Rotor

Rotor diameter 19.1m
Swept area 287 m?
Rotational speed 63.5 rpm

Figure 11 depicts the output of the Northern Power wind turbine. For simple analysis, the
wind speed was set at a constant 14 m/s, and pitch angle dynamics were disabled to allow
study of the effects of a constant wind speed without change in wind direction. The
fluctuation of real power and machine speed () is due to the synchronous machine enabling
mechanical dynamics and unlocking the rotor, which results in a large out flux of output
power. After about 10 s, the machine settles to a constant speed of 377 rad/s (60Hz).
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6 Inverter

6.1 Mathematical Analysis

Figure 12 shows the main schematic of the inverter model. The main components of the
system are a 480-V AC feed, a 489:575 star-delta transformer, a three-phase diode bridge
rectifier, a three-phase PWM inverter modeled using controlled current sources, a three-phase
balanced R-L-C load, and breakers for connecting the system to load and utility. The
modeling of each of these components in PSCAD is explained in later sections.

A d-q axis reference frame is used to control the inverter voltage and frequency by controlling
the d-axis and g-axis currents, respectively. Initial results from the original simulation model
are shown in the results section. Later in the results section, power measurements taken at
various points in the schematic are presented. The p.u. system of units was used to display
some of the results. Base value for voltage is 0.2771 kV (phase), and base current is 0.1208
kA (phase).

480:575 Diode bridge PWM
rectifier inverter
480 V AC )1 a Utility Grid
Feed ? E— ‘ breaker ‘
) Load
breaker
R-L-C
load

Figure 12. Schematic of the GE inverter system

6.1.1 d-q Axis Theory

Figure 13 shows a physical distribution of the three stationary axes a*, b°, and ¢’ , which
are120° apart from one another, and of the Cartesian axes, where ¢’ is a horizontal axis
aligned with phase a' and a vertical axis rotated by —90° is indicated by d". Three-phase
voltages varying in time along the axes a', b*, and ¢’ can be algebraically transformed onto
two-phase voltages varying in time along the axes &' and ¢° [10].
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Figure 13. Physical distribution of three stationary axes and a quadrature stationary axis

The transformations are shown in Equation 4.

Vas 1 1 ?/5 1 V(;s
Vbs =\-— —— 1} V(is
2 2 !
Vcs \/3 1 VOs
S ©
Vs 1 0 0 \Y
t:s \/g \/5 as
Vds =0 -—— — Vbs
! 303
Vl)s l 1 1 Vcs
12 2 2 ]

Three methods commonly used to control a grid-connected inverter feeding power from a DG
source are [12]:

e Constant current control
e Constant power control
e Constant DC bus voltage control.

This report presents the first two inverter control methods with anti-islanding schemes. The
control block diagrams presented used the average model of the PWM inverter. The average
model is usually preferred over the switching model for simulation purposes because the
average model needs less computation time. In addition, small signal analysis can be
performed on the average model. The average model of the inverter with controlled voltage
and current sources is shown in Figure 14.
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Figure 14. Average model of the inverter

6.1.2 Anti-Islanding Schemes

Various methods to detect islanding of a DG inverter connected to a grid are discussed in [5].
However, the most commonly used methods are passive inverter-resident methods, active
inverter-resident methods, active methods not resident in the inverter, and the use of
communications between the utility and the inverter.

A report published by GE [6] showed that active inverter-resident methods have advantages
over other methods. Active inverter-resident methods use a variety of schemes to cause an
abnormal condition in the inverter voltage and/or frequency that can be detected to prevent
islanding. The anti-islanding scheme proposed by [6] is based on d-q implementation of the
positive feedback concept. The following equations explain the basics of the positive
feedback concept with d-q axis modeling.

Considering an R-L-C load, active and reactive power can be defined as:
v? ) 1
P=? and Q=V*| oC-— (5)

The proposed islanding scheme creates abnormal voltage and frequency conditions (force
voltage and frequency of the nominal ranges) to detect islanding. In the voltage feedback
method, when the controller detects a change in the d-axis output voltage, it commands an
increase in active power, which results in a further increase in d-axis voltage and eventually
forces the voltage out of the nominal range. Thus, islanding can be detected.
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The same analysis can be applied to frequency feedback methods. When the controller detects
a change in frequency, it forces the reactive power and results in a further increase or decrease
of inverter frequency in the same direction. These two islanding detection schemes can be
implemented in the two control methods, as described in the next section.

s T o, s gt o S

sense g sref

Al Resulted
Feedback DG output

Due to Load
Characteristic

Q=( ©C_1/oL)V

6.1.3 Constant Current Control

In this method, the inverter output currents are controlled to the given reference currents. The
error between the measured and reference currents is processed by PI controllers to generate
commands for the PWM converter.

Block diagrams of the control method are shown in figures 15 and 16. In the first figure, the
voltage feedback loop is implemented. In Figure 16, the frequency feedback loop is
implemented. These are added as feed-forward terms to the d-axis and g-axis reference
currents, respectively. The measured voltage and frequency are passed through a band pass
filter operating at a very narrow frequency band, a gain, and a limiter to become a current
variation, Ai, that is added to Idref or Iqref.
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Figure 16. Constant current control with frequency feedback
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6.1.4 Constant Power Control

In this method, the active and reactive powers supplied by the inverter are controlled to the
given reference values. The error between the measured and reference powers are processed
to generate reference current commands. Feed-forward terms for islanding detection similarly
can be added to the control scheme.

Inverter
Grid
F] la
I::Ill -".'1Il =5 1 T = ¥ ®
= dahvid '11 .I % . .
= Ve .
: A b doivade
)
RLC Load
da, db, de
iduty cycle ) ABC b ABC .
o T T oo Controller Functions
i 1 1 Vg i I
D-PLL
lﬂ‘hnu:nrlll " N J l i
= + . * - dd
Oref _+-. T ligral S
Pewt Power Current b
_1|r Regulator | g +-%..° Regulator q

L E * B —— ABC

Figure 17. Constant power control method

6.2 Simulation Results

The “abc to dqo” component in the PSCAD library performs the transformation of three-
phase stationary frame components to synchronously rotating two-phase reference frame
components. The d-q transformation in PSCAD is modified so that q axis leads d axis by 90°,
as shown in Figure 18. A vector control scheme with the d-axis reference frame oriented
along the “Phase a” voltage vector is used. Direct axis current is used to control the
magnitude of the inverter voltage, and quadrature axis current is used to control the
frequency. Voltage angle is derived from the “PLL” block in the PSCAD library. This angle is
modified so the waveform described by the cosine (angle) is in phase with “Phase a” voltage.
Figure 19 shows the complete PSCAD model.

Angfu_

* ia id S i&
va EDGh2.5516 theta ! o)
Egrida B * . . * i&
ib iq
PLL abcto dq N ’
- Wb | ED%b2.5516 -1.0
Egridb eta_grid AngPLL EDGq(p.u.)
A - * ic
Eide (Piby180 EDGc2.5516

Figure 18. PLL and d-q axis transformation
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Figure 19. PSCAD model of the GE inverter
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Inverter modeling included:

480-V feed, transformer, and diode bridge rectifier

Figure 20 shows the PSCAD model of a 480-V AC source with a transformer feeding
the diode bridge rectifier. The transformer is a grounded star-delta rated at 150 kVA
with a turn ratio of 480:575. Diode models in PSCAD are arranged to form a three-
phase diode bridge rectifier. A large (1 mF) capacitor is connected across the DC side
of the rectifier.

M1 045 [MVA]
1.1e-006 A

B =)
| ~AWB———BY #2\( &1 B S—
=

AAMC €l oous oss € C

S B %

Figure 20. PSCAD model of AC feed and diode bridge rectifier

Inverter model

A three-phase voltage source converter (VSC) averaged model was used to model a
PWM converter, as shown in Figure 21. The commands for the PWM converter are
generated by two PI control loops that control the voltage magnitude and frequency at
the converter output. Ia, Ib, and Ic and Egrida, Egridb, and Egridc are transformed to
d-q quantities for the PI control loops, as shown in Figure 22. IdREF is the reference
value for the d-axis inverter current, and IQREF is the reference value for the g-axis
inverter current. These are compared with the actual currents, and the error signals are
passed into two PI controllers. Figure 18 shows that a feed-forward term is being
added to the error signals. The two feed-forward terms, ai_voltage and ai_frequency,
are generated from the actual inverter voltage and frequency. However, these signals
are currently disabled in the model, and the simulation would not run if these signals
were enabled. Compensation terms are added to the PI controller outputs for cross-
coupling effect. The controllers are disabled for the first 0.2 s.
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Figure 23 shows how the compensation terms ai_voltage and ai_frequency are
generated. The terms are supposedly being used to provide better tracking of inverter
voltage magnitude and frequency. However, as these signals are multiplied by zero,
the voltage and frequency are not tracked directly. The results section shows that the
PI controller does not keep the inverter voltage and frequency constant when the grid
or load is disconnected from the inverter system.
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Figure 23. Compensation term for inverter voltage and frequency control

The d-q outputs from the PI controllers are transformer back to a-b-c to generate the
commands for the PWM converter. The inverter commands dlma, dlmb, and dlmc and
dVpna, dVpnb, and dVpnc shown in Figure 24 are obtained as follows.
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Figure 24. Commands for the VSC averaged inverter
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Grid and load connections

The three-phase inverter outputs are connected to the grid and a variable R-L-C load
through two breakers, as shown in Figure 25. These breakers are operated using the
“timed breaker logic” block in PSCAD. The behavior of the inverter simulation model
when these breakers are described is shown in the results section.

C 23 >3
R R
(0003395
L L
o020 ¢
C
3 Phase | o . 0.1 [MW]
RMS -0.0008449 [MVAR]
— LOAD_BRK ”ﬂa
» |
B Iltﬁgb
°
(e} lloadc
| —>
C
© e o
O
= N L AL
-z N N VR !
s>
=
S~
o o
> <
N T - €1 4
Mmoo ¥
-2 Gl < | @ | o
=1
FLFSES
0012
Re Re
e ke el
i i+ i+ |grid impedance
<]
0.012 fohm] 23
0.0003056 [H] U h
A 3
®© ® ©®

Logic .
Breaker - Ut”—RK i

Timed Util_BRK

Logic | | paD BRK

Breaker -

Timed
Open@t0
logic PG RK
Breaker DG BRK
Timed -

Figure 25. Grid, load models, and breakers
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The three breakers shown in Figure 25 are operated at the following times:

o DG BRK is closed at 0.2 s to connect the inverter to the grid and load.
o Util BRK is opened at 4 s to disconnect the inverter from the grid.
o LOAD BRK is opened is 10 s to disconnect the R-L-C load from the inverter.

Figure 26 and Figure 27 show the inverter RMS output voltage and frequency during
the breaker operations. Inverter voltage is expressed in the p.u. system with a base
value of 0.2771 kV (phase). Figure 27 shows that the inverter frequency gradually
increases when the system is disconnected from the grid. Voltage remains pretty
constant during this period. However, when load is disconnected from the system at 10
s, both frequency and voltage change rapidly. This is probably due to the averaged
model of the inverter, which has three controlled current sources in the three inverter
legs.
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Figure 26. RMS inverter voltage
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Figure 27. Inverter frequency

Figures 28 and 29 show the d-axis and g-axis inverter currents, respectively. The
reference value for d-axis current is 1.0 (P.U), and the reference value for g-axis
current is 0.0 (p.u.). The PI controllers do a good job tracking these reference values
until the instant when load is disconnected from the system. The magnitude of the DC
link voltage is shown in Figure 30.
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Figure 28. d-axis inverter current (voltage)
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Figure 30. DC link voltage (rectifier output)

Active and reactive power measurement points in the schematic are shown in Figure
31. Figure 32 and Figure 33 show the active and reactive power injected by the 480-V
AC feed into the system. It delivers about 105 kW of active power and 32 kVAR of
reactive power when the R-L-C (23 2-3.395 mH-2072 pF) load is connected at the
inverter output. Figure 34 and Figure 35 show the active and reactive power delivered
by the inverter. The magnitudes are slightly lower than the power delivered by the AC
feed, which can be attributed to the switching losses in the diode bridge rectifier and
the PWM converter. (The AC sources used in the average model have a small series
resistance). Figure 36 and Figure 37 show the active and reactive powers injected into
the grid. Both of these are close to zero, which means that no real amount of power is
being injected into the grid. Active and reactive power absorbed by the R-L-C load are
shown in Figure 38 and Figure 39. The magnitudes of these powers are very close to
the power measured at the inverter output.
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Figure 32. Active power injected by the AC feed
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Figure 36. Active power injected into the grid
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Figure 37. Reactive power injected into the grid
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7 Photovoltaic Cell

7.1 Mathematical Analysis

The simulation model of the PV cell is based on the circuit-based model developed in [2]. The
schematic of the circuit-based model is shown in Figure 40. The schematic is based on the
double exponential equation, which models a PV cell, derived from the physics of the p-n
junction.

e(V+IR,
I=1,-1 (e IJ_V”RS (6)
p K R
14
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Open@t0
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Figure 40. PV cell equivalent circuit

The parameters in the equivalent circuit are derived from the environmental parameters of
temperature and irradiance. They are related as shown below.

1,=KE(1+KT) (7)
R =K, + %KIOT
R, =K, ""

Where:

E is the irradiance in W/m?>
T is temperature in Kelvin
Ko.12 are constants specific to a given cell.
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These constants are derived from the I-V curve of the PV cell.

7.2 Simulation Results

The following are the simulation results, with the parameters shown in Figure 1. The
temperature used was 25° C. All other parameters were taken from [2]. Figure 41 and Figure
42 show the response of the PV cell to load changes.
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8 Microturbine

The microturbine model is connected to the grid through an inverter and a DC link capacitor.
A PI controller is used to set the inverter output voltage to match the desired power profile
from the microturbine.

8.1 Mathematical Analysis
The microturbine model was based on the system of Figure 42 from [1].

throttle/torque
transfer function

W] W+ PI K, T.+ X 1 w
- o Tl
1/5 +7 1 +st, / sJ
w
Bw—
p power |
estimation
map A

Figure 43. Block diagram of a microturbine

This model assumes that the torque response is a first-order system. The model was modified
to accept a constant input shaft speed. Also, the K.*w*i4. feedback was eliminated because it
does not give a voltage value. In this model, the desired power output and shaft speed are set.
The system then stabilizes, and the output power follows the desired power. The parameters
K. and K are easily obtained through experimentation. K. is the ratio between no-load
voltage and no-load shaft speed. Ky can be determined using K. and one other operation point.

K = VDCno—load

¢ ®)

®po-1oad
VDC1 -K
@

e

K. =

X

VDCl

From these parameters, voltage, power and torque can be found. These equations are used in
the model of the microturbine.

V. =K, - 0-K_ oI, 9)
Pdc :Ke '(’O.Idc _Kx '(’O.Idcz
T:Ke .Idc _KX 'Idcz
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The other parameters, such as the shaft inertia, J; the throttle gain; and the time constant can
be obtained through calculation or experimentation. This simulation used constants from a
Honeywell microturbine from a University of Wisconsin paper [2]. The values are shown
below.

Table 3. Microturbine parameters

0.092
8.594e-5
0.085
10s

(0]

- X X
x

—

The DC link capacitor current is the difference between the microturbine current (I;) and the
output current (Iy). I, is the ratio between the output power and the DC link voltage. The
voltage in the capacitor can then be calculated with the capacitor differential equation.

(10)
Iz — Pout

VDCLink

OVperin 1
g?[L £ :E(Il _Iz)

The modulation factor that controls the inverter is given by:
mzKp-err+IKi-err (11)

The inverter converts the DC voltage from the microturbine into AC voltage to be connected
to the AC grid. The output AC voltages are calculated using the equations:

\% =m%sin(2n60t) (12)

a

V, =m V;“ sin(2w60t —120°)

c

V.=m V;“ sin(2760t — 240°)

The phase currents are calculated using the electrical equation for voltage across a resistor
inductor load.
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oi 1 (13)
“ = (V. -V, -R-i
al L( a ag la)

Finally, the three-phase output power is calculated by:

P

out

=V, i +V, i, +V, -i, (14)

8.2 Simulation Results
The microturbine model is transformed from a dynamic model into an electrical model using

a voltage-controlled voltage source.
Figure 44 shows the entire system.
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Figure 44. Total system

8.2.1 Microturbine
Figure 45 shows the microturbine. The model is based on equations instead of circuit
elements. The output voltage is calculated with Equation 9.
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Figure 45. Microturbine

Figure 46, Figure 47, and Figure 48 show the output voltage, current, and power, respectively.
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Figure 46. Microturbine output voltage
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Figure 47. Microturbine output current
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Figure 48. Microturbine output power

8.2.2 DC Link

The DC link capacitor connects the microturbine to the inverter. The voltage level is used to
drive the inverter and the error in the capacitor voltage, and the microturbine voltage is used
as the input to the PI controller.

The output current and voltage are calculated with Equation 10. Because I is in terms of the
DC link voltage, a feedback has to be created. It used a capacitance of 1 F.

Figure 49 shows the capacitor block, and Figure 50 shows the capacitor voltage block.
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Figure 50. Capacitor voltage block

Figure 51 shows the DC link voltage. It has a constant value of 435 V.
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Figure 51. DC link voltage
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8.2.3 PI Controller

The PI controller (Figure 52) helps the output power follow the desired power profile. It uses
an error from the difference in DC link voltage and the microturbine voltage to create a
modulation factor, “m” (Figure 53), that will then drive the inverter. The m value is put
through a saturation limit between 0 and 1, but under normal operations, it should not get to
these boundary conditions. They are in place to keep the inverter model from creating
voltages it physically could not create.

The proportional and integral gains K; and K,, were determined through a trial-and-error
method.
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Figure 53. Modulation factor

8.2.4 Grid Connection

Figure 54 shows the system connected to the grid through a voltage-controlled voltage source.
The mVdc/2 controls the voltage source. The grid is considered to be 60 Hz, and the 120°
offset produces a balanced three-phase system. The breaker measures the output power.
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Figure 55 shows the power profile fed into the microturbine to drive the system. This profile
can be changed.

Figure 56 shows that the output power follows the reference. (Note that the output power
graph is in megawatts but the power reference graph is in watts.) The PI controls the
transients of the systems. Changing the proportional and integral gains will change how fast
the transients occur and how much the output oscillates. This case uses both gains at 0.002.
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Figure 55. Power profile
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Figure 56. Output power
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9

Backbone Integration

After the proper functioning of each component was verified, the components were integrated
into the backbone.

Figure 57 shows the PSCAD model of the system that has been simulated. The model
includes a 62.5-kVA AC grid simulator; a 250-kVA, Y-connected 216.5-V/480-V
transformer; variable R-L-C load; a 125-kW diesel generator (represented as a synchronous
generator); a 60-kW wind turbine; a PV cell; a 33-kW microturbine; and three 3.5-kW PWM
inverters. Each PWM inverter is controlled using the control approaches discussed in earlier
sections. Also included in the figure are circuit breakers, at which current, voltage, and power
are measured. Other devices, such as a fuel cell, may be added to the grid.
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Figure 57. Microgrid backbone — PSCAD
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Figure 58 shows the three-phase bus voltage.

e

Figure 58. Bus voltage

Figure 59 shows the grid simulator active and reactive powers, current, and voltage.
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Figure 59. Grid simulator
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Figure 60 shows the load simulator graphs.
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Figure 60. Load simulator

9.1 Diesel Generator

Figure 61 and Figure 62 show the outputs of the diesel generator when connected to the
backbone.
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Figure 62. Reactive power — diesel generator

9.2 PV Cell Grid Connection

To integrate the PV cell model into the backbone, the GE inverter model is connected at the
output of the cell. The PV model is used as the DC source for the current-controlled inverter.
The following figures show the simulation results with the inverter model. Anti-islanding
schemes were not implemented. The grid connection was removed at 4 s and connected back
at 7 s. Figure 63 shows the PV cell output voltage. The magnitude of the voltage is
approximately 680 V. Figure 64 and Figure 65 show the frequency and voltage waveforms at
the inverter output. As expected, frequency and voltage vary when the grid is disconnected
from the inverter. Figure 66 shows the power injected from the inverter into the grid and the
variable R-L-C load.
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9.3 Microturbine Grid Connection

The microturbine model is integrated into the backbone through an inverter. Figure 67 shows
the integration with the backbone. The transformer steps up the voltage to the bus voltage 480
V. When connected to the backbone, the microturbine responds very slowly.
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Figure 67. Microturbine grid connection
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10 Conclusion and Future Work

DR have an important role in the alleviation of transmission bottlenecks because they are
designed to be located at or near the point of end-use and thus avoid the need to transmit
electricity through congested wires. Another role of DR is outage response and mitigation. By
placement at strategic locations in a networked configuration, DR, operating in “intentional
islanding” mode, can provide power to protect critical loads during power failures.

In this project, valid models for DR were created to simulate NREL’s DERTF. All of the
simulations were run in PSCAD. Models for PWM inverters, microturbines, and PV cells
were developed. The diesel generator and wind turbine used models available in the PSCAD
library.

Two inverter control methods with two anti-islanding detection schemes were presented.
Simulation results showed that the constant current control method works well to track
desired d-q axis currents and detect islanding. The inverter simulation with constant power
controller is quite stable, but there are problems controlling the reactive power.

Procedures to develop models for a microturbine and a PV suitable for use in electrical
engineering were developed. Both models work as expected. The microturbine output power
follows the reference power as expected. The PV output voltage is constant at 680 V.

The diesel generator was modeled as a synchronous machine and, therefore, used a model
available in PSCAD. The desired output and the desired terminal voltage were achieved. The
power is negative because the synchronous machine operates as a generator.

The wind turbine also used a model available in PSCAD. It used an input wind speed and a
blade angle pitch dynamics control.

After the models were developed and tested individually, they were connected together to the
backbone. Except for the microturbine, all the components worked properly and injected
power into the grid. The microturbine worked well by itself, but when connected to the
backbone, it became slow and took too long to stabilize.

This project developed electrical models for simulation and analysis of different DR. It can be

used to understand the effects of DR on the electric power system. A fuel cell model and the
validation of the system have not yet been implemented.
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