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Abstract

INTEGRATION AND VALIDATION OF POWER HARDWARE-IN-THE-LOOP
GENERATOR MODELS FOR DEPLOYMENT IN A DISTRIBUTED GENERATION
SOURCE TESTBED

Jacob L. Sanchez-Roddy, PhD

The University of Texas at Arlington, 2019

SUPERVISING PROFESSOR: DAVID WETZ, PHD

Hardware in the Loop (HIL) is an established technology that allows for rapid prototyping
of controls and verification of how physical devices respond for valid simulated systems.
This involves deploying a model of a system onto a Field Programmable Gate Array
(FPGA) that can take in external inputs and outputs the state variables present in the
system. An example of this could involve the control of the roll, pitch, and yaw of a plane.
A simulated plane could output the current state variables of the plane to an external
controller which will respond with control signals to the simulated system to stabilize. This
is a valuable way of evaluating controllers without the physical system present. Another
method of HIL systems is known as Power Hardware in the Loop (PHIL). PHIL is typically
used when a simulated system is emulated as a physical device (typically an amplifier)
that either sinks or sources current into a physical energy storage device. One aspect of
PHIL that has had little exploration is the process of deploying a model of a generation

source to be emulated in a physical test bed for hardware validation. This would involve
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emulating the generation source through a physical power supply that can accurately
respond to the PHIL model. This type of operation would be of great interest for
microgrids. Microgrids are becoming more popular as a backup system if it were to
become isolated from the main grid. If this were to occur, an AC generation source could
become the only source of power given the correct conditions. It is known that transient
events can cause poor power quality that could cause damage to critical loads within the
microgrid. Traditional generation sources consist of gas turbine sets coupled to a
synchronous machine to supply the AC voltage needed to power devices present in the
isolated microgrid. With possible repetitive transient events lowering the power quality of
the generation source, a valid model of the generation source could be deployed as a
PHIL model for hardware validation without the physical hardware being present. The
repetitive transient events that will be studied are 1 to 30 seconds which are considered
“short” transient events [6]. The models presented here were built using the
SimPowerSystem toolbox within MATLAB/Simulink. The real time FPGA simulator for
deploying the generation source model will be OPAL-RT which is capable of simulating
system with an update time of 5us. This allows the simulation to be updated in 5us
increments allowing the dynamics of the generation source to be taken into account and
control the external power supply to emulate the modeled generation source with the real

time updated stator voltages within the PHIL model.
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CHAPTER 1: INTRODUCTION

Traditionally, power distribution systems have consisted of large power plants that
supply power to large portions of the population at a time. Last reported in 2017, there
are 8,652 power plants that generate over 1MW of power in the United States as [1].
These power 127.59 million households in the United States [2]. With the ratio of
generation sources to households to power being so high, a push toward more local sized
distributed generation systems have become of interest in recent years. One challenge
that faces these local sized microgrids are power outages that require a black start in
order to bring the grid back online. If a blackout were to occur and a black start is needed,
the generation source capable of restoring power to the grid would first be brought up
with no load attached. After the generation source is brought up, a breaker would have to
be closed even though there is no power within the grid. When the breakers close, this
would be considered a very high transient event [3].

A microgrid is a network that combines a variety of different generation sources such
as fossil fuel generators, solar panels, fuel cells, flywheels, wind turbines, and batteries.
These are controlled intelligently in order to supply the energy needed for any load
connected. Microgrids allow for different generation sources to communicate and share
the desired energy requirements in an optimal way. One aspect of microgrids is that they
can operate independently from the main grid. Microgrids connect to the main grid
through a point of common coupling that maintains the same voltage and frequency
levels. This is to either put excess power into the main grid or accept power from the main
grid if needed. In the scenario that a microgrid got disconnected from the main grid during

a high-power need, this would cause a transient event to occur on the fuel-based
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generator. The fuel-based generator would experience the highest transient event within
the microgrid due to the high energy density of fuel compared to all other sources within
the system. Given the right circumstances, the fuel-based generation source could be the
only online source. If this were to occur, this would be a high varying and possibly random
power is demanded depending on the loads that are connected and disconnected from
the microgrid.

With microgrid type architecture becoming more popular, the study of a variety of
different load profiles is something that would need to be experimentally evaluated for
different generation sources. A major problem if a microgrid’s fuel-based generator were
to become the only source of power, the power quality of the generator would suffer
greatly.

Power quality refers to the quality of the voltage waveform during operation. When
referring to quality, there is an acceptable range for commercial devices. When reference
to the voltage magnitude, the power quality standard according to Pacific Power for 120V
to 600V AC systems ranges from 92% to 105% of the nominal voltage level [4]. The
frequency deviation, according to Pacific Power, for steady state operation is considered
to be worst case + 0.100 Hz for normal operation, +£0.150 Hz for sudden changes, and
+0.750 Hz for major breakup scenarios [4]. With constrains like these and the possibility
of a smaller generator within a microgrid being the only power source, the random power
demands that could occur could cause the voltage to sag or rise to unacceptable levels
or cause the frequency to deviate outside the acceptable levels. When a transient event
occurs with a fuel-based generation source, the rotor speed drops which causes a

decrease in electrical frequency. During this time, more fuel is input into the system to
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recover the rotor speed to the nominal value. When the transient event ends, more fuel
is being input into the system to account for the previous transient event. When this
occurs, the rotor speed overshoots and causes an increase in electrical frequency. These
shifts in frequency and amplitude could damage equipment, cause the voltage to
collapse, or stall the engine when used as a motor application [5]. Examples of these

events are shown below in Figure 1 and Figure 2.

Voltage rise
‘ Steady-state voltage band ‘ Steady-state voltage — (block load removed)
(with rated load)

/ ________

Steady-state voltage
(no load) Voltage dip
(100% block load)

Y

10 second frame
(recovery time)

Figure 1. Voltage levels during transient events [6].

Transient Load Response

Load
Removed

Recovery
"_ Time _’l

Figure 2. Rotor speed deviation during transient loading [5].

To experimentally evaluate the power quality of AC generation sources, the physical
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generation source is needed for integration into a built test bed to evaluate the
performance. For example, a model of a LM2500 Marine Gas Turbine is shown below in
Figure 3. To apply this to a generation source, a synchronous machine would be coupled
to the shaft to make the system into a Gas Turbine Generator Set (GTGS). To
experimentally evaluate a generation source such as the LM2500, the source would first
have to be obtained and a test bed built around the parameters and size of the GTGS.
Obtaining a generation source such as the LM2500 would be incredibly difficult and
building a test bed around it would be incredibly expensive and impractical. The size of
the LM2500 is a volume of 146m? and has a base weight of 90,000 kg which again makes
it incredibly impractical and costly to build a testbed in order to experimentally evaluate

the power quality during repetitive short transient events [7].

Figure 3. Model of LM2500 Marine Gas Turbine [7].

With the need for power quality to be improved during possible transient events, a
Hybrid Energy Storage Module (HESM) could be introduced into the system to buffer the
AC generator during these transient events. A HESM operates by sinking or sourcing
energy depending on the current requirements of the load connected. If a load is suddenly

taken off the grid causing a large drop in power demand, instead of a transient event
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occurring on the AC generation source, this difference in power would be redirected into
the HESM in order to keep the generation source consistently loaded. Likewise, if a large
increase in power demand occurs, instead of a transient event causing the generator to
supply all the extra energy required, the HESM would make up for the increase power
load which keeps the generation source base loaded. A top-level diagram of an AC source

with a HESM for mitigating transient events is shown below in Figure 4.

Point of Common Coupling
AC/DC
DC/DC
AC Source DC Source Capacitor Dynamic
Load

Figure 4. Top level diagram of a HESM onto a DC point of common coupling.

The LM2500 would be considered the AC source in the system described above. The
regulation of this generation source would be through power electronics to regulate the
DC voltage onto the point of common coupling between the distributed sources. The DC
source could be represented as electrochemical batteries that either sink or source
current based on the power demands of the load. The capacitor is considered the DC link
between the load and generators.

Previous work performed at the PPEL at the University of Texas at Arlington (UTA) has
shown the effectiveness of HESM’s in buffering transient loading on a rotating machine
in order to improve power quality. A gasoline engine driven single-phase generator was

used as the rotating machine and a DC power supply was used as a rectifier. The work
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performed to date has been incredibly valuable in demonstrating HESM viability.
However, the ability to experiment and demonstrate the HESM viability with different
generation sources is unknown due to the limitations of acquiring the generation source
needed for experimentation. While it would be ideal to acquire and conduct experiments
on a variety of generation sources, this is not practical and alternative evaluation methods
are needed.

To experiment with a variety of different generation sources, an established technology
called Hardware in the Loop (HIL) capable of running a simulation in real time and can
receive external inputs measurements and output state variables of a simulated
generation source is proposed to be a viable method of evaluating the power quality within
a built testbed without the physical generation source being needed. Emulating a
generation source in this fashion could be considered a new way of using Power
Hardware in the Loop (PHIL). With this technique, with a valid generator model, the
dynamics and power quality can be experimentally evaluated and studied without the
physical generation source needed. The coupling point within a microgrid will be assumed
to be a DC voltage. Therefore, for all the experiments performed in this validation, an
AC/DC converter was used for the load connection. The profiles studied are considered

short transient events that range between 1 and 30 second time frame [5].
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CHAPTER 2: HARDWARE IN THE LOOP BACKGROUND

HIL is a technique that allows simulated systems to be deployed onto an FPGA and
allows external signals to manipulate the simulated system. There are two methods of
using this technology which are known as Controller Hardware in the Loop (CHIL) and

Power Hardware in the Loop (PHIL).

A. Controller Hardware in the Loop.

CHIL is where a simulated system, for example a microgrid, is deployed onto the FPGA.
The outputs of the system are node voltages and line currents which are received from
the real time simulation into an external controller. The controller, which is fed the node
voltages and line currents, controls the simulated system as if the actual system was
physically present for experimentation. A simple block diagram of CHIL is shown below

in Figure 5.

Set Points

Ioad
Controller Source 1 l

Source 2 Dynamic
Load

Deployed System in HIL
Figure 5. Conceptual Block Diagram of CHIL.

B. Power Hardware in the Loop

PHIL is typically used when a simulated system is emulated as a physical device,
typically an amplifier, and either sinks or sources current into a physical energy storage

device to evaluate the performance. One aspect of PHIL that has little exploration is
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replacing a physical generation source with a PHIL deployed model for hardware
validation. This allows one to experimentally evaluate a generation source not presently
owned by implementing the PHIL model into a physical testbed or physical setup. A

simple block diagram of PHIL is shown below in Figure 6.

Imeas

F

c?imula\'tfe'ﬂ Simulated Load Power
eneration
Load V.,
Source set > Supply
Deployed System in HIL Controlled Power Supply

Figure 6. Conceptual block diagram of PHIL.

To understand the above figure, the simulated generation source’s voltage is sent to
the power supply to emulate the simulation. With this generation source emulated as an
external power supply, when a load is attached to this power supply, the current drawn
from the power supply is received as an analog input and loads the generation source
within simulation. This loading effect in simulation will affect the simulated generation
source which will change the Vset point for the controlled power supply. This cycle will
repeat updating the set point of the controlled power supply as the generation source is
loaded in real time. This allows us to emulate the generation source in real time and study

the power quality.

C. Validity of Power Hardware in the Loop

PHIL has some draw backs for being a simulated generation source as there are some
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delays due to the analog to digital converter (A/D) and Digital to Analog (D/A) converters
needed to receive external signals and output the simulation state variables. Figure 7
shows a flow chart of what processes are occurring to cause delays in the real time

simulation [8].

Measurement Simulation
Input A/D P Dynamics

Dictated by response of Dictated by simulation
measurement device time step

P D/A b Analog Output

tm t)'-"‘f\ t:h' -] tl')-’A tch

Figure 7. Delay that is experienced during a PHIL deployed generation source [8].

Previous evaluations of PHIL systems show how accurate a simulated PHIL deployed
model is to a hardware equivalent circuit [8]. For this validation, the author constructed a
series RL circuit using a variable autotransformer as an ideal sinusoidal voltage source
connected to a series RL circuit. This circuit was then simulated as a virtual circuit and
deployed onto an external amplifier. The block diagram of signal transfers is shown in
Figure 8. For clarification, the virtual circuit is a deployed model of the sinusoidal voltage
source where the A/D(Tv) and D/A(Ti) converters are the interface between the simulation
and the hardware under test (HuUT). Thut is the measurement response time of the

hardware under test (HuT) before the A/D converter.
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Figure 8. PHIL deployed model feedback diagram 100[8].

From the above figure starting from the left input, the PHIL model sets a voltage set
point that is then transferred to the external power supply to be amplified to emulate the
voltage source in simulation. The feedback is the current draw from the external power
supply that is received through the analog(A/D) inputs to load the PHIL deployed model.

Below, the results from [8] show that there is a very small error between the original
circuit and HuT. This small error in delay and amplitude is expected as to the complex
nature of the FPGA and update time of the simulation itself. Although the step time of the
authors simulation is not specified, the simplicity of the circuit leads to the assumption
that the simulation time step is on the order of 100ns. The results below show a stable
system where there is very little difference between the original circuit and HuT. Figure 9
and Figure 10 shows a comparison of a stable and unstable system which again, shows

that there is very little difference between the original circuit and PHIL deployed model.
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Figure 9. Comparison between PHIL deployed model as HUT and original circuit with

stable conditions [8].
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Figure 10. Comparison between PHIL deployed model as HUT and original Circuit with

unstable conditions [8].

In these previous experiments, it has been shown that validating the accuracy of PHIL
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deployed models for simple circuits, the next logical step is to experiment with more
complex systems. The real time simulation system used for these simulations is Opal-

RT’s real time simulator OP5670.

D. Previous work with PHIL

Previous work involving PHIL focuses on the validations of inverter controls for
scenarios such as electric vehicles [9], power system stabilization [10], PV converters
[11], and motor drive controls [12]. . Little focus has been on the hardware validation of
generation PHIL models when implemented into a physical testbed. For a quick top-level
understanding of the work that has previously been done, a modeled system was
deployed into a HIL emulator for real controllers to be evaluated. The HIL deployed model
would send the current state variables to the physical controller and would respond as if
the physical system was present.

In [9], A PHIL model of an electric vehicle is used to experimentally evaluate the
batteries proposed to be used in the electric vehicle. Below in Figure 11, the PHIL

experimental set up is shown for evaluating their battery choice.
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Figure 11: PHIL experimental set up for battery experimentation [9].

For the above experimental set up, the electric vehicle is modeled and deployed onto
the OP4500 Real-time simulator. The parameters of the electric vehicle are sent via the
Windows host computer. This real time simulator outputs the current draw from the
simulation to a power amplifier that draws current from the physical battery. The battery
voltage is monitored and sent into the OP4500 to update the voltage set point of the
simulated battery. The control of the electric car is performed by a RT-LAB Rapid Control
Prototyping system that sends the gate signals based on the motor currents/angles [9].
The information being sent to the control system is based on the scenario the user inputs

from the host PC. The results of a simulated case where the vehicle accelerates and

decelerates to evaluate the battery’s performance during this operation.
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Figure 12: Results from acceleration and deceleration experiment [9].

One other aspect studied is the comparison between an HIL and PHIL experiment.
For one experiment, a simulated battery is used as opposed to the hardware battery
obtained. This was done to show the validity of PHIL because the parameters that
dictate the battery voltage vary with state of charge and current draw where the HIL
model has hard coded parameters [9]. The results of this comparison are shown below

in Figure 13.
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Figure 13: Results of HIL and PHIL comparison [9].

29



Another focus for PHIL is with power system stability analysis [10]. In this experiment,
A PHIL model of a distribution grid with ~10k nodes is modeled. The hardware setup
consists of three power amplifiers capable of ~90kW connected to three different
converters that, when engaged by the power amplifier, feed current measurements into
the PHIL model to mimic a distribution node within the simulated system [10]. A diagram

of the experimental set up is shown in Figure 14.

/ Simulation \ / Laboratory
Interconnector Power Test Bench
Transmission / EMT-conversion Amplifier
Distribution Grid (>10us) Al Converter 1
e " E.g. WTGS
. ) Interconnector 3x 3~90kW
Phasor-Simulation [« &) MT-conversion  ——» Canverter 2
. Y £ PV
~10k nodes : .
~10ms nterconnector
{ J lt—a EMT-conversion - [l - Converter 1
E.g. HVDC
\ (>10ps) / \ g J
\\a._ F'y L ~ o

Figure 14. Experimental set up for power system stabilization analyses [10].

The conclusion for this work was that PHIL can support advanced testing of large
interconnected power systems for stability analysis. This allows for innovative methods
to be evaluated within a lab-based testing as opposed to purely simulation-based testing.

Florida State University is using PHIL as the base for anti-islanding testing for PV

converters [11]. Figure 15 shows is the experimental PHIL setup.
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Figure 15. Florida State’s PHIL setup [11].

For the purpose of this experiment, the RLC load bank seen above was incorporated
into the real time model and compared to the condition where the RLC load bank was
part of the physical setup. Florida State concluded that the RLC load bank being
incorporated into the PHIL simulation was a valid replacement to having the hardware
equivalent physically owned. When the RLC load bank was incorporated, the load bank
vs PHIL experiments show comparable responses implying that the integration of the RLC
load bank into the PHIL model is a valid way of proceeding with the experimentation [11].

The final example using PHIL is a case study by Plastic Omnium where a 36 BLDC
motor sensorless controller with trapezoidal back EMF needed to be evaluated at low

power levels in steady state [12]. Figure 16 shows the setup used during this study.
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Figure 16. Experimental setups used for evaluating the brushless DC motor controller
[12].

For this experimental setup, a brushless DC motor was emulated using the OP4500
and controlled 3 KEPCO 4Q amplifiers for power draw from the controller. Information
needed for the control system was from the emulated system to the controller under test
to send the trigger signals to the inverter. The inverter sources current to the emulated
motor for evaluation.

From the literature shown above, no study has been done on hardware validation of
generation sources within physical test beds using PHIL deployed models. This is the
focus of the research presented here. Next, the logical step to understand the complexity
of the generation sources that will be modeled and evaluated without the physical

generation source having to be acquired.
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CHAPTER 3: INDUCTION MACHINE BACKGROUND

Induction machines are the means of converting electrical power to mechanical power
[13]. An understanding of induction machines is essential to understand the complexity
of the generation source that is modeled later for a proof of concept that PHIL is a valid
method to experimentally evaluate generation sources not available, but a valid PHIL
deployed model is present. For the purposes of this paper, a 36 symmetrical induction
machine with sinusoidal distributed stator and rotor windings will be assumed. The
voltage equations of an induction machine are as follows [13].

Vabes = Tslabes + PAabes (1)

Vabea = Trlaper + PAaber (2)

Where s denotes parameters associated with the stator circuit and r denotes parameters
with the rotor. It should be noted that rr and rs are diagonal matrices each with equal
values as shown below [13].

ry 0 O
T = [O Ty 0] (3)
0 0 mn

A is the flux linkage and is expressed as

[Aabcs] _ [ Lg Lsr] [l:abcs] (4)

Aaber (L))" Ly I liaper

and the winding inductances (Ls Lr Lsr) are shown below.

1 1

Lls + Lms - E Lms - E Lms
1 1
Ls=] — 5 Lns Lis + Lins -3 Lns (5)
1 1
- E Lms - E Lms Lls + Lms
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1 1

I[Lzr tLlmr  —SLlmr Sl ]I

Ly =] ~Lmr Ly + Ly =Ly | (6)
| =>Lmr —SLmr  Lir + Lo
[ coso, cos(6, + 2?”) cos(6, — 2?”)]

L. =|cos(6, — 2?”) coso, cos(6, + 2?”) (7)
[cos(@r + 2?”) cos(6, — 2?”) cos0, J

Where the inductance equations Lis and Lms are the leakage magnetization inductances
of the stator windings. Lir and Lmr are the leakage magnetization inductances of the rotor.
Lsr is the amplitude of the mutual inductances between the stator and rotor windings [13].

A visual representation of an induction machine is shown below.

bs axis

cs axis
cr axis

No\__—
(™ ' (7 i k"i—»»"'”’
s==—F: +_] &\_/""’/

Figure 17. A visual representation of an induction machine. Notice that there is an

angle difference between the stator and rotor axis [13].
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The above equations are considered in the synchronous reference frame. To make the
analysis and modeling simpler, a transformation to the rotary reference frame needs to

be applied. The equation for this transformation is shown below.

cos(0 —6,) cos(6—06,— 2?") cos(60 — 6, + 2?”)

K. =Z|sin(0 - 6,) sin(0 — 6, —=)  sin(0 — 6, + ) (8)
l 1 1 1 J
2 2 2
Where
quOs = Klgpes (9)
quOs = KVapes (10)

The voltage equations in the rotary reference frame is shown below.

. d
quOs = Tslgqos + wAgs + Elqus (11)
r s 14 d !
quOr =T 4lgdos T (0 — w,)A dgr t at tqdor (12)
Where
T
(Adqs) = [Aas — /1qs 0] (13)
li T ! !
(Adqr) = [ dr — Aqr O] (14)

Next, the flux linkages equations are determined, this is done by substituting the

equations expressed in the synchronous reference frame

Aqus KsLg (Ks)_l Kngr (Kr)_l iquS
! = 1 \T -1 r -1 -/ (15)
qdor Kr (Lsr) (Ks) KrLr (Kr) lqur
Where
Lis + Ly 0 0
KsLy(Ko) ™ = 0 Lis+Ly O ] (16)
0 0 Ly
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L'y + Ly 0 0
KrL,r(Kr)_l = 0 Ly+Ly 0 (17)
0 0 Ir

and can be shown that

Ly 0 0
KL (K™ = K- (L))" (K™ = [ 0 Ly O (18)
0 0 O
This allows the voltage equations to be written in an expanded form.
. d
Vgs = Tslgs + WAgs + E)lqs (29)
. d
Vas = Tslgs + (A)Aqs + alds (20)
. da
Vos = Tslos + 5/105 (21)
/ . ! d
Vgr = Tlps t (w —wp)Agr + E’lqr (22)
’ 1o I} d .,
vdr=rrldr+(w_wr)/1qr+aldr (23)
! I« d !
Voo = T'rlor + - Aor (24)
and the flux linkage equations to be written as follows.
Ags = Lisigs + Lag (igs + i) (25)
Ags = Lisigs + Ly (igs + i(,ir) (26)
Aos = Lisios (27)
ﬂ-Iqr = L’lrilqr + LM(iqs + ltlzr) (28)
Vg = L'pi'qr + Ly (ias + igr) (29)
/1’07* = L’lriIOr (30)

The above voltage and flux linkage equations allow us to draw an equivalent circuit

shown below in Figure 18.
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Figure 18. Equivalent circuit of an induction machine in the rotary reference frame

[13].

The equation for the electromagnetic torque is shown below.

3(P . .
T, = 3 (E) )Ldslqs - )qulds (31)

and the relationship between electromagnetic torque and rotor speed is
2\ d
To=J(3)%w +T, (32)
Where J is the inertia of the rotor, P is the number of poles the rotating machine has.
Tv is the torque load on the induction machine.

An induction machine is a very complex system which will be modeled for the

experimental validation of a PHIL model vs the physical hardware. This understanding of
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the number of state variables and state transitions occurring during operation shows the
complexity of the modeled system when deployed as a replacement to the physical
machine.

These equations are a necessity because this is the model used for asynchronous
machine in the MATLAB/Simulink library. For the experiment discussed later in the
hardware/PHIL comparison, an induction machines rotor is coupled to a synchronous
machine generator to produce a 208 36 voltage signal. The synchronous machine

analysis will be explained in the next section.
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CHAPTER 4: SYNCHRONOUS MACHINE BACKGROUND

Synchronous machines are used for nearly all electric power generation throughout the
world [13]. Just as induction machines are the prime means of converting electrical
energy to mechanical energy, synchronous machines are the prime means of converting
mechanical energy to electrical energy. For synchronous machines, the stator windings
are physically placed 120° apart and the rotor of a synchronous machine is equipped
with a field winding. These field winding are magnetically unsymmetrical in order to
achieve the transformation into the rotor reference frame. This is how the
MATLAB/Simulink toolbox models synchronous machines. A two pole 36 wye connected

synchronous machines is shown below in Figure 19.
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Figure 19. a two-pole wye connected salient-pole synchronous machine [13].
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First, the machine variable equations will be shown and then transformed into the rotary
reference because this is how the MATLAB/Simulink toolbox simulates the synchronous

machine. The voltage equations are shown below

. d
Vabes = ~Tslabes T Eaabcs (33)
. d
Vgar = Trlgar t E’lqdr (34)
Where,
., 0 O
=0 7 O (35)
0 0 r
Tkqg1 0 0 0 ]
_ 0 Tkq2 0 0 |
TTlo 0 1 0] (36)
| 0 O O deJ

and the flux linkage equations are
Aabcs] [ Ls Lsr] [_iabcs]
= . 37
Aqdr (Lsr)T L, lgdr ( )
Where the inductances Ls, Lsr, and L, are

[ Lis + L, — Lgcos26, - %LA — Lycos2(6, -3 - %LA — Lycos2(6, +75)
L, =

l—%LA — Lgcos2(6, — g) L+ L, — Lgcos2(6, — 2?”) —%LA — Lgcos2(6, + ) | (38)

[—%LA — Lgcos2(6, +§) —%LA — Lgcos2(6,+m) L+ Ly — Lgcos2(6, +2?H)J

[ Lgyq1€080, Lgyq2c050, Lgrqsin®, LgyqSing, 1
2 2 , 2 , 2
Lsr = lLskqlcos(er - ?ﬂ) Lsqucos(gr - ?ﬂ) Lsfdsm'(er - ?ﬂ) Lsdeln(er - ?ﬂ)l (39)
[Lskqlcos(er +2) Laeqacos(8r + 290 Lopasin(By +2)  Lyeasin(@, +2)
[leql + Lmkql qulqu 0 0 ]
L. = | qulqu leqz + Lmqu 0 0 (40)
r 0 0 Llfd + med Lquk
| 0 0 Lfara Likg + Linka

and the magnetizing inductance is defined as
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Ling == (La — Lg) (41)

3
Lma =3 (La + Lp) (42)
Now the flux linkages may be written as

abcs

A’qdr] [0y L’SrH o (43)

Where Ls, L’sr, and L’y are

Lipgcos0, Lipgcos0, LpasSing, LinaSing,
L, = [Lchos(er — 2?”) Lypgcos(6, — 2?71) LpaSin(6, — 2?71) LpaSin(6, — 2?”) (44)
| Lyngcos (6, + 2?") Lngcos(6, + 2?”)0 Lyasin(6, + 2?") Lyasin(6, + %”)J
[L’lkq1 + Ling Ling 0 0 1
L— | Lmg Lz +Lmg 0 o | (45)
l 0 0 Lifq + Lipa Lima J
0 0 Lina L'ika + Lma

and the voltage equations expressed in terms of machine variables referred to the

stator windings are

d d .,
vabcs] s+ ELS EL ST [_labcs]
qdr

Sy A (46)
_(Lsr)T TT+ELT

lqdr

Now using equation 6 to transform into the rotary reference frame, the voltage equation

can be written as

. d
quOs = —Tslgqos T wﬂ-dqs + ElquS (47)
Where
T
(Adqs) = [Ads - Aqs 0] (48)

and since the rotor equations were expressed in the rotor reference frame, the

equations stay as
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d
vcllrdr =T rlqdr + at Zyrdr (49)
Where the superscript " denotes the rotor reference frame.

Since we are assuming a linear magnetic system, the flux linkage equations are

l’lquSl KsLs(Ks)_l K L srl l lqus] (50)
’ =12,,, _
qrdr E (L sr)T(Ks) ! qdr
and it can be shown that the term KsL'sr is
Lipgcos(0 —6,) Lpgcos(0 —0,) —Lpgsin(0 —6,) —Lygsin(0 —6,)
KoLy = |LypgSin(@ — 6,)  Lygsin(@ — 6,)  Lpgcos(0 —6,) —Lmgcos(0 —6,) (51)
0 0 0 0

Now, we can rewrite the voltage equations in the rotary reference frame. The voltage

equations for the stator and rotor are

Vgdos = ~Tsigaos — Wrdags + Aqus (52)
Vgar = Trlgar + )lqdr (53)
Where

(Aras)" = [ — 24 0] (54)

and setting 6=6r, Ks becomes K. and the flux linkage equations become

l_iA.,rr qusl (55)

[ gd(,sl ~ l KIL(KD™  KiL's
lqdr

= |2 ! - /
1 E (L sr)T(Ksr) 1 L r

qdr
To denote that all variables are now in the rotary reference frame. Now, KI'L (K1),

KL, and §(L’ST)T(K§)‘1 become

Lis + Ling 0 0
K{Ly(K)™ = 0 Lig+Lpg O (56)
0 0 Ly
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[Lmq 0 O]

2 4L 0 O]

2 LI T KT 1 mq 58

3( sr) ( s) 0 Log OJ ( )
0 Lmd 0

and now, we can write the voltage equations in the rotor reference frame

) d
Vgs = —Tslgs + as EAZS (59)
. d
vgs = _Tslzis - wr”&s + 5/125 (60)
. d
Vos = —Tslps T EAOS (61)
) d
vllcrq1 = r’kqllllc7;11 + E’”crm (62)
) d
Vllcrqz = r’qulllcrqz + E’”crqz (63)
v =i L (64)
fa =T ralfa + 37 45a
oI = il +illr 65
kd = T kalka T 3; Mka (65)

and the flux linkage equations are

/155 = _Llsigs + Lmq (_igs + illcrq1 + iquz) (66)
as = ~Lisigs + Lma(—lgs + ifg + ia (67)
Aos = —Lisios (68)
kg1 = L'ikqrikgs t Ling(—igs + ixg1 + ixg2) (69)
;crqz = L’lquillcrqz + Limg (_igs + illcrq1 + illcrqz) (70)
Aa = L'iyaifa + Lina(=igs + ifg + 'ka (71)
ka = L'ikaiia + Lna(—igs + ifg + ixg (72)

and with the above voltage and flux linkage equations, the equivalent circuit is shown

in Figure 20.
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Figure 20. Equivalent voltage and flux linkage circuit [13].

The equation for the electromagnetic torque is shown below.

3 (P . .
T, = _( ) :lslgs - AZSlgs (73)

2\2

and the relationship between electromagnetic torque and rotor speed is

d2
T,=-(3)56+T, (74)
Where
8 =6, — 04 (75)

and w, = %Hr completes the relationship between rotor speed and torque.

J is the inertia of the rotor, P is the number of poles the rotating machine has, and Tv is

the torque load on the synchronous machine [13].

A synchronous machine is a very complex system which will be modeled for the

experimental validation of a PHIL model vs the physical hardware. This understanding of

the number of state variables and state transitions occurring during operation shows the

complexity of the modeled system when deployed as a replacement to the physical

machine

These equations are a necessity in understanding because this is the model used for

synchronous machine in the MATLAB/Simulink library. For the experiment discussed

later in the hardware/PHIL comparison, an induction machines rotor is coupled to a

synchronous machine generator to produce a 208 36 voltage signal.
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CHAPTER 5: SINGLE SHAFT TURBINE BACKGROUND

To experimentally evaluate a fuel-based generation source, an understanding of the
complexity for fuel based turbine generation sources is needed. A single shaft gas turbine
engine will be simulated and coupled to a synchronous machine to produce the 36
generation source. The basic principles of a gas turbine generator consist of a gas
volume entering a chamber which increases the volume and is output at a higher

pressure. A top-level diagram of this is shown below in Figure 21.

w
1 1 1 =
Plﬂ T|I'| ITI\
— D F lT .ql‘ e N o
F:,., T|n'T: 1 n Volume
I
PH Tlﬂ |'|'I'|
E
Q

Figure 21. A top-level understanding of what occurs in a single shaft gas turbine
system [14].

The above figure includes the heat transfer to adjacent metal structures(Q), losses in
the components (E), and mechanical work (W) interactions within the system.

The model of the dynamic behavior of each engine component is

dPout _ (apout) 0Poyt 9¢;

a ~ \ ot /, +2; ag; ot (76)
ATout __ (aTout) OTout 9€;

at  \ at J, +2 de, ot (77)

Where C and ¢ are the internal thermodynamic state and mechanical variables used to
model irreversible or dissipative processes [14]. Gas dynamics are mathematically

modelled by a set of differential equations used to describe accumulation of gas energy
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and mass within major volumes of the engine [14].

Conservation balance of total mass:

0 . | .
a_T = Zlmgn — Moyt (78)

and the conservation balance derived from the ideal gas equation

0Poyt __ RTout . 1 . Pout 0Tout
—t = =2 (B iy — Mour) + Tow 90 (79)

and the conservation balance of energy

i gl

aTout: 1 [((ZlmmcinTisq_moutCP.Tout)+Q) (80)
ot CypV _CvTout(Zlmén_méut)

Where Cp and Cy are specific heats, and q is heat flow.

The energy transfer rate between the surroundings and the gas q is defined as

q = hAs(Tgas — Trm) (81)

Where h is defined as

Where k is the thermal conductivity, L is a characteristic length and As is the surface
area of exposed metal [14].

This accounts for the heat transfer losses associated with the surrounding meta.

Next, the compressor is modeled as an ideal component with input and output volume.

The temperature difference between input and output is

y-1
_ Yairfcomp
Toutcomp - Tincomp T[comp (83)

Where vy is the specific heat ration that varies with temperature.

Next, the turbine is modelled via state map that is based on the turbine pressure ratio

(m, = @)and turbine corrected speed (71, = —

Poutt vV Tint)
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The turbine corrected mass flow map is

Peilint — t fmap (,, i, (84)

Pint
The tfmap allows for a response to transient conditions.

The combustion system is modelled with the following equation

maircpairTair + mfuelefueleuel
_moutcomp CpgaSToutcomb + Hfuelacombmfuel (85)
+q — CvToutcomb (mair + mfuel - mgas)

OToutcomp _ 1
ot CvPVeomb

Where Huuel is the lower calorific value of fuel and ocomb is the variable combustor
efficiency.

The complexity of fuel-based generation sources that are modeled within the
MATLAB/Simulink environment have been shown for a single shaft turbine generator.
These processes are vastly different compared to an induction/ synchronous machine
pair which will be evaluated in the next section. After this has been evaluated, a fuel-
based generator is modeled and deployed as a PHIL model for power quality study during
a short transient event. The processes explained here show how much detail and

dynamics are occurring when a fuel-based generation source is used.
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CHAPTER 6: HARDWARE AND PHIL EXPERIMENTAL COMPARISON

A. Experimental Setup

The first step of validation for a PHIL deployed generation source is to compare a PHIL
deployed model of a motor-generator set vs the physical hardware during the transient
event of interest.

The motor-generator pair was procured from Festo Didactic, shown in Figure 22. The
motor is a LabVolt series 8505 36 wound-rotor induction motor. The generator is a LabVolt
series 8507 308 synchronous generator. Paired together, they allow for a maximum power

output of around 1.5 kVA. Both are rated for a stator voltage of 208 VAC at 60 Hz.

Figure 22. LabVolt 38 induction motor (left) and 36 synchronous (right).

The power supply controlled by the OPAL-RT HIL system is a California Instruments
CSW 5550 by Ametek, shown in Figure 23. The CSW 5550 is a high slew-rate, 5 V/us,
30 power supply that can be controlled using analog reference signals input to the supply.
These analog inputs allow the power supply to emulate the individual phase voltages of

a real-world generator.
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Figure 23. Ametek CSW 5550 30 power supply that is capable of AC or DC analog
control.

The AC/DC converter is a 6-pulse power thyristor procured from Festo Didactic, shown
in Figure 24. This module is a LabVolt series 8841-2 Power Thyristor that is controlled by
6 0-5 V pulse signals. This module is controlled by OPAL-RT and set to a known firing

angle for a more accurate comparison between the three experimental scenarios.
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Figure 24. LabVolt 8841-2 6 pulse power thyristor module.

In Figure 25, a conceptual block diagram of the three different topologies that will be
evaluated for comparison is shown. Starting from the left, the AC source, either in
hardware or emulated by the OPAL-RT is rectified to a DC voltage without any output
filter to compare the output ripple between the three scenarios. The AC/DC rectifier is an

SCR based 6-pulse rectifier that outputs ~280VDC that is then connected to a load for
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power quality study when transient events occur. The inclusion of the AC/DC converter
into the PHIL model further shows the capability of PHIL deployed model’s ability to
accurately represent the hardware during this short transient event study. Having a DC
output as opposed to an AC output simplifies the feedback into the PHIL model to a single
DC voltage and current measurement. The simplified feedback and simplified output
could be more desirable allowing for a more accurate representation of the modeled

system.

®
®

Simulated AC Source

®

Simulated DC Source

All Hardware

Figure 25. Conceptual diagram of the experimental setups. Further components are
added into the PHIL simulation for comparison purposes

Figure 26 depicts a more detailed diagram of the experimental setup which depicts the
30 motor-generator set and the AC/DC converter is connected to a programmable load

for comparison and validation.
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Figure 26. Block diagram of the full hardware topology.

Figure 27 depicts the same setup, except the motor-generator has been replaced with
the 36 power supply being controlled by the OPAL-RT real-time simulator. The red arrow
represents the analog control being applied to the power supply, and the green arrow

represents the feedback signals used by OPAL-RT to update the model.

Opal-RT HIL
Motor Generator Model

SKVA 3@ Power 6 Pulse
Supply Rectifier

— Eﬁfw’“ i ~280vbc

m= Power Flow 3.5 KW Programmable
== Feedback Signals Load
== Control Signals

Figure 27. Diagram of the PHIL emulated motor-generator source hardware topology.
Figure 28 depicts the same set up as shown in figure 27 but the AC/DC converter has
been integrated into the PHIL model to see if improvements are made with the simplified

feedback and simplified output.

51



Opal-RT HIL
Motor Generator with Rectifier
Model

SKVA 30 Power
Supply

— |

k=23

3.5 kW Programmable
Load

, == Power Flow
E == Feedback Signals
== Control Signals

Figure 28. Diagram of the HIL emulated motor-generator with rectifier hardware
topology.

With these three different scenarios, a detailed comparison of performance and
accuracy will be shown between the hardware and PHIL deployed models. First, the full
system will be modelled and compared to the accuracy of the hardware system. Next, the

PHIL model will be deployed as an AC or DC source as shown above in Figure 25.

B. Motor-Generator Simulation

The PHIL deployable model of the LabVolt motor-generator set was developed using
existing blocks in the Simscape Power Systems toolbox. Once the motor-generator PHIL
model is running, the generator’s stator voltages are output to a high slew-rate 36 Ametek
CSW5550 power supply. During the experiments, the line currents of the power supply
are measured and fed back into the OPAL-RT. Based on these measurements, the stator
voltages and generator frequency are adjusted in the model. On the next time step,
adjustments are made to the OPAL-RT’s analog outputs, which in turn alter the 36
voltages of the power supply. This process repeats for the duration of the test and allows

for the emulation of the physical motor-generator set. The LabVolt motor-generator model
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is shown below in Figure 29.
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Figure 29. Simulink block diagram used to emulate the LabVolt motor-generator set in

real-time using the OPAL-RT real-time simulator.

C. Motor-Generator with AC/DC Simulation

The next step in this process is to include the AC/DC converter into the deployed PHIL
simulation for comparison. The setup for this experiment is shown above in Figure 28.
This simulation, shown below in Figure 30, contains all the hardware components before
the load. The output of this simulation is a rectified DC voltage that is sent to the high
slew rate Ametek CSW5550 which is capable of AC or DC applications. With a rectified
DC voltage, the emulated generation source can be directly connected to a DC transient

load.
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Figure 30. Simulink block diagram used to emulate a motor-generator with the AC/DC

converter in OPAL-RT.

D. Hardware/PHIL Experimental Procedure

All results shown were setup to have a constant resistance profile to emulate a short
transient condition that could be seen in a microgrid system. This profile consists of 5
seconds of discharging at 80Q followed by 5 second of 10kQ to simulate a repetitive
transient condition. This 5 on 5 off profile is repeated 5 times to gather information on how
the transient load conditions affect the power quality of the system and compare the 3

scenarios for validation of the PHIIL model.
E. Hardware Vs Simulated System Comparison

This section shows a side by side comparison of the simulated system for comparison
prior to being deployed as a PHIL model. Below in Figure 31 to Figure 36 shows how
comparable the physical and simulated systems are. The error between the two systems

are within 1%.
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Figure 31. 36 voltage comparison (hardware on the left and modeled on the right)

between simulated and physical motor-generator during the transient profile.
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Figure 32. 36 current comparison (hardware on the left and modeled on the right)
between simulated and physical motor-generator during the transient profile.

As shown in Figure 31 and Figure 32, the voltage droop and current draw out of the
system is comparable between the simulated and physical hardware. The measured
voltage droop between the two systems is ~30 V during the short transient event. The
difference between the simulated and physical voltage droop is ~2 V during the transient
events. This is within a 1% error between the simulated and physical measurements. The

current draw shown in Figure 32 is ~3.05 A during the transient event for the hardware

system and ~3.1 A for the simulated system. Again, these comparable results are within
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a 1% error. Next, the rectified voltage and current will be compared to accurately quantify

the error between the physical and simulated system.
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Figure 33. Rectified voltage comparison (hardware on the left and modeled on the

right) between simulated and physical motor-generator during the transient profile.
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Figure 34. Rectifier current comparison (hardware on the left and modeled on the right)
between simulated and physical motor-generator during the transient profile.

As shown in Figure 33 and Figure 34, the voltage droop and current draw out of the
system is comparable between the simulated and physical hardware. The measured
voltage ranges between a maximum of 245 V and a minimum of 190 V during the short

transient event. This is reflected within the simulated system with the voltage ripple

ranging between 247 V and 200 V during the short transient event. The error between the
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simulated and hardware voltage waveforms are within 1%. The current draw shown in
Figure 34 ranges between maximum of 3 A and a minimum of 2.4 A during the transient
event for the hardware system. This is reflected within the simulated system where the
maximum current draw ranges from a maximum of 3.1 A to a minimum of 2.5 A during
the short transient event. These results are within a 1.0% error. With this portion of the
simulated system being accurately modeled within 1.0% error, the final aspect to compare
is the voltage and current harmonics. The results of the voltage and current harmonics

are shown below in Figure 35 and Figure 36.
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Figure 35. Voltage harmonic comparison between simulated and hardware system.
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Figure 36. Current harmonic comparison between simulated and hardware system.

0

As shown in Figure 35 and Figure 36, the error between the physical hardware and
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simulated system are highly accurate. Comparing the voltage harmonics, the highest
error measured between the fundamental and shown harmonics is at the 5" harmonic
and the measured error between amplitude and frequency is 0.1% and 0.5%,
respectively. Comparing the current harmonics, the highest error measured between the
fundamental and shown harmonics is seen at the 7" harmonic with a measured error
between amplitude and frequency is 0.01% and 0.05%. With this portion of the simulated
system being accurately modeled within 0.1% error, the simulated system is now capable
of being deployed as a PHIL model. The next section is comparing the physical and
emulated AC source, the second scenario shown in Figure 25, to verify that a deployable

model of the a physical motor-generator set is replaceable with a PHIL model.
F. Emulated AC Generation Source with Hardware AC/DC Converter

This section shows a side by side comparison of the AC PHIL deployed model and
hardware. Below in Figure 37 to Figure 42 shows how comparable the physical and
simulated systems are. The error between the two systems are within 10%. This
highlights the challenges when deploying PHIL models of generation sources. The added
delays on feedback, control signals sent to the external power supply, high transient
nature of the feedback needed to be slowed down within simulation to insure stability,
and other minor nuances that become more pronounced due to the interactions with the

physical system.

The first major limitation of this system is when transient events occur. As seen within
the simulated system, when the load is applied in a transient nature, the solver can keep
the system stable due to the iterative nature of the simulation. This is not the case when

deployed as a PHIL model because the solver is unable to iterate the solution due to the
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real time aspect of the simulation.

The next limitation of the deployed system is the excitation system of the physical vs
simulated source. For the physical system, the stator voltage was controlled with an
excitation voltage from an external power supply where the field current was higher to
produce the stator voltage. This higher current would allow less droop when loaded and
cannot be fully emulated within the Simulink environment. This limitation is not as
pronounced as the transient nature of the feedback but does play a role when deploying

an AC generation source within a physical testbed.

With these limitations, the error between the physical and PHIL motor-generator set is
still comparable to within an error of 10%. This shows that the deploying of generation
sources with a static excitation voltage is not a desirable method when deploying PHIL

models.
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Figure 37. 36 voltage comparison (hardware on the left and PHIL AC deployed model
on the right) between simulated and physical motor-generator during the transient

profile.
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Figure 38. 30 current comparison (hardware on the left and PHIL AC deployed model
on the right) between simulated and physical motor-generator during the transient
profile.

As shown in Figure 37 and Figure 38, the voltage droop and current draw out of the
system is comparable within 10% between the simulated and physical hardware. The
difference between the simulated and physical voltage droop is ~20 V during the transient
events. This is within a 10% error between the PHIL model and physical measurements.
The current draw shown in Figure 32 is ~3.05 A during the transient event for the
hardware system and ~2.8 A for the simulated system. Again, these are not as exact as
the simulated system but are still within 10% error. Next, the rectified voltage and current

will be compared to accurately quantify the error between the physical and simulated

system.
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Figure 39. Rectified voltage (hardware on the left and PHIL AC deployed model on the
right) between simulated and physical motor-generator during the transient profile.
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Figure 40. Rectifier current (hardware on the left and PHIL AC deployed model on the
right) between simulated and physical motor-generator during the transient profile.

As shown in Figure 39 and Figure 40 , the voltage droop and current draw out of the
system is within 10% just as the previous results in the AC voltage comparison. The
limitations discussed earlier cause the AC voltage to droop lower which in turn causes a
lower current draw due to Ohms Law. This corresponds to a ripple voltage of a maximum
of 220 V and minimum of 180V during the short transient event. This is within the 10%
error of the physical system. The current draw shown in Figure 40 ranges between

maximum of 2.8 A and a minimum of 2.4 A during the transient event for the hardware

61



system. These comparable results are within a 10.0% error. It was expected that the
deployed PHIL model of the motor-generator would not be as accurate as the simulated
system which was verified within this set of experiments. The final aspect needed to be
compared is the harmonic component of the voltage and current waveforms. The results

of the voltage and current harmonics are shown below in Figure 41and Figure 42.
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Figure 41. Voltage harmonic comparison between PHIL deployed motor-generator and

hardware system.
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Figure 42. Current harmonic comparison between simulated and hardware system.
As shown in Figure 41 and Figure 42, the error between the physical hardware and

PHIL deployed motor-generator system are highly accurate for the fundamental
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frequencies for both voltage and current. For both voltage and current harmonics, the
error when comparing harmonic amplitude as well as harmonic frequency go up by 2.0%.
The cumulative error of the harmonic components of the voltage go to 10.0% between
the hardware and PHIL deployed model. The cumulative error of the harmonic
components for current go to 10.0% between the hardware and PHIL deployed model.
As mentioned earlier, these errors are expected due to the number of multiple feedbacks,
delays of the system, and limitations of Simulink’s ability to properly model nuances that
are present within a physical system. Although the harmonic content is not exact, the
fundamental frequency components are within a 1.0% error of the physical system
indicating that this PHIL motor-generator model is capable of power quality study within
the frequency domain. The measured shift in the fundamental frequency ranges from 58.5
Hz to 60 Hz during the transient profile. This is considered poor power quality due to the
range of the fundamental frequency only being acceptable within +0.15 Hz for these short
transient events. The next section is comparing the physical and emulated DC source,
the third scenario shown in Figure 25, to explore if the simplified feedback and simplified

output allow for a more accurate representation of the generation source.
G. Emulated DC Source Comparison to Hardware

This section shows a side by side comparison of the simulated system for comparison
prior to being deployed as a PHIL model. Below in Figure 43 and Figure 44 shows how
comparable the physical and DC PHIL deployed model is. The error between the two
systems are within 5.0%. This was a surprising result when compared to the previous
experiment. The improvement in accuracy is due to the simplicity of the feedback into the

PHIL model. Instead of having the 36 current fed back to load the PHIL motor-generator,
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the DC current is fed back into the simulation to load the DC bus with the actual current

that is being drawn by the DC load. When the 36 AC load was applied, the voltage and

current measurements could be unstable for a single sample on one of the phases that

would compound itself as the PHIL model updates over the course of the transient profile.

This simplified DC feedback and DC output implies that PHIL generation sources, when

being deployed onto a DC bus, give more accurate and comparable results as opposed

to when an AC PHIL model is deployed.
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Figure 43. Rectified voltage (hardware on the left and PHIL DC deployed model on the

right) between simulated and physical motor-generator during transient profile.
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Figure 44. Rectifier current (hardware on the left and PHIL DC deployed model on the
right) between simulated and physical motor-generator during transient profile.

As shown in Figure 43 and Figure 44, the voltage droop and current draw DC PHIL
model is much more comparable than the previous AC deployed model. The error
between the DC voltage ripple ranges from a maximum 245 V to a minimum of 180 V
which is within 5% of the physical system. The error between the DC current ripple ranges
from a maximum of 3.0 A and a minimum of 2.35 A. This ripple is within 5% of the physical

system.
H. Emulated Motor-Generator Vs Hardware Conclusion

In this set of experiments, a physical motor-generator set was procured and accurately
modeled for deployment as a PHIL system within a physical test bed. During this set of
experiments, a possible repetitive short transient event that could occur within an isolated
microgrid was used to experiment with the validity of deploying a PHIL model to replace
a physical motor-generator set. The results presented in this section show that a physical
generation source can be emulated within 10.0% error of the physical motor-generator
set. This shows that PHIL deployed models are viable replacements for physical
generation sources for the purposes of power quality study during short transient events.
The next step in the process of evaluating if a deployed motor-generator PHIL model is
comparable to the physical motor-generator when integrated into a low power hardware
system. The next chapter will focus on the integration and comparison of the motor-
generator PHIL model and physical motor-generator when incorporated into a known

physical system.
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CHAPTER 7: HARDWARE AND PHIL SMALL SCALE SYSTEM INTEGRATION COMPARISON

A. Experimental Setup

In this section, the modeled motor-generator set acquired from LabVolt was deployed
as a PHIL model for validation on a system integration level. The first is an induction
motor/synchronous generator set that UTA possesses. Experiments were performed
using the actual hardware as well as the emulated model for system integration and power
quality study. Figure 45 shows a conceptual block diagram of the hardware/PHIL setup
being used. Starting from the left, a 208 VAC source, implemented using either hardware
or through HIL emulation is fed into an AC/DC rectifier. The 36 waveform is rectified to
roughly 30 VDC using a 36 multi-pulse rectifier. The rectified DC voltage is regulated
using a DC/DC converter whose output is connected to a DC bus that serves as PCC
with the HESM. To reiterate what a HESM is, A HESM operates by sinking or sourcing
energy depending on the current requirements of the load connected. If a load is suddenly
taken off the grid causing a large drop in power demand, instead of a transient event
occurring on the AC generation source, the power would be redirected into the HESM in
order to keep the generation source consistently loaded. Likewise, if a large increase in
power demand occurs, instead of a transient event causing the generator to supply all the
extra energy required, the HESM would make up for the increase power load which keeps
the generation source base loaded. This was shown in Figure 4. The PCC is loaded using
a DC programmable load, which in this case is utilized in a constant current mode. The
HESM contains the energy dense batteries and power dense ultracapacitors that are
utilized to buffer the AC generation source. A more detailed block diagram of a HESM is

shown below in Figure 45.
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Figure 45. Conceptual block diagram of the experimental setup.

B. Induction Motor / Synchronous Generator Sources

The first source evaluated was an induction motor/synchronous generator set,
manufactured by Festo Didactic and sold by LabVolt that is possessed by UTA. The motor
is a LabVolt series 8505 36 wound-rotor induction motor and the generator are a LabVolt
series 8507 308 synchronous generator. Paired together, they allow for a maximum power

output of around 1.5 kVA. Both are rated for a stator voltage of 208 VAC at 60 Hz. The

motor-generator set is shown below in Figure 46.

Figure 46. LabVolt 36 motor-generator set.
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The two experimental setups deployed in this series of experiments are shown in Figure
47 and Figure 48. In Figure 47, the hardware motor-generator feeds into a 10 to 1
stepdown transformer, rectified by a 6-pulse AC/DC converter, then bucked down by a
controlled DC/DC converter onto the PCC. In Figure 48, the PHIL model controls the
Ametek CSW 5550 when feeds into the 10 to 1 stepdown transformer, rectified by a 6-
pulse AC/DC converter, then bucked down by a controlled DC/DC converter onto the
PCC. To reiterate, the California Instruments CSW 5550 is used to amplify the OPAL-
RT’s simulated output. The CSW 5550 is a high slew-rate, 5 V/us, 36 power supply that
can be controlled using analog reference signals input to the supply. These analog inputs
allow the power supply to emulate the individual phase voltages of a real-world generator.
The HESM is tied onto the PCC and actively controlled using its own real-time controller.
The Chroma programmable load is used to load the DC bus with a transient profile, which
will be shown later in the results section. A photograph of the entire experimental setup

is shown in Figure 49.
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Figure 47. Block diagram of the hardware topology deploying a hardware motor-
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Figure 48. Block diagram of the hardware topology deploying a HIL emulated AC

generator.
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Figure 49. Experimental setup of many components of the power system being studied.
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From the previous section, the PHIL model has been shown to be representative of the
LabVolt motor-generator set. When running, Opal-RT outputs three, OV — 10V analog
signals, each of which linearly represents the output of one respective phase of the
synchronous generator. The three analog signals are output to the Ametek power supply
shown in the experimental setup schematics above. The loaded line currents of the power
supply are measured and fed back into the OPAL-RT to load the PHIL model. To review
the PHIL process, the stator voltages and generator frequency are adjusted in the model
at each time step, adjustments are made to the OPAL-RT’s analog outputs, which in turn
alter the 30 voltages of the power supply. This process repeats for the duration of the
experiment allowing for the emulation of the physical motor-generator set. The PHIL

deployed model is shown below in Figure 50.

N v -
n
Arslog S =]
Analog Out
D - — 5
GCo— -
- ol (-n
Motor .
Generator Measurements Load

Figure 50. Simulink block diagram used to emulate a motor-generator set in real-time

using the OPAL-RT real-time simulator.

C. Experimental Procedure

In all the results presented here, the programmable load was setup to draw a constant

current (CC) from the PCC in a transient manner. The profile turns the load on for 5



seconds, drawing 31 A CC, and then turns it off for 1 second before repeating four more
times for a total of five 5 on 1 off transient events. Assuming 31 A and roughly 24 V, the
load was drawing roughly 750 W when on. In each series of experiments performed, two
identical experiments were performed. One experiment involved the physical motor-
generator set and the other involved the PHIL deployed model to study the power quality
of the generator. It should be noted that the experiments presented were repeated many

times each and the results shown are representative of all experiments.

D. No buffering of the AC Source with Energy Storage Results

In this experiment, a comparison between the physical motor-generator and the PHIL
generator model was evaluated without the HESM providing any buffering. In other words,
the transient load is supplied entirely by the motor-generator or PHIL model depending
on the experiment. Figure 51 shows the load current being drawn by the programmable
load. In all the plot legends, ‘MG’ refers to the data collected when the physical motor-
generator was used as the source and ‘HIL’ refers to data collected when the PHIL model
was deployed. The current sourced by each AC source in its respective experiment is
plotted in Figure 52. This transient loading results almost 5 V of droop on the PCC DC
bus as seen in Figure 53. The difference between the motor-generator and PHIL model
are within 0.1% during the rest phase of the transient profile and within 1% error during
the on phase of the transient profile. These results show that the PHIL deployed model is
accurate to the physical motor-generator when deployed within the physical testbed.
These figures also show the inefficiency resulting from short transient loading without the

HESM active, as well as poor power quality on the DC bus.
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Figure 51. Current drawn by the programmable load during each respective experiment

performed in which no HESM was used to buffer the AC source.
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Figure 52. Rectified current supplied by the AC source during each respective

experiment performed in which no HESM was used to buffer the AC source.
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Voltage at the Point of Common Coupling (PCC)
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Figure 53. The PCC DC bus voltage showing deviation when the HESM is not used to

buffer the AC source.

The AC voltages measured on Phase B of each source during its respective experiment
are shown in Figure 54. Though the two voltage waveforms have slightly different
magnitudes but are still within 10% of the physical motor-generator. A closer inspection,
shown in Figure 54, shows that the variation in magnitude is largely due to harmonic
distortion while the fundamental component of the phase voltages are what was expected

from the previous section.
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Figure 54. Phase voltage droops observed when the AC source is used to supply the

full transient load current.
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Figure 55. HIL source and motor-generator phase voltages are within 10.0% error

despite harmonic distortion in the motor-generator.

Since the current waveforms change dramatically depending on the loading condition,
the line current under no load is presented in Figure 56 and the line current under full load
is presented in Figure 57. Despite the difference in loading conditions, the emulated
source matches the results obtained from physical motor-generator within a maximum of
10.0% during the no load period and 12.0% during the loading period. These variations
are caused by harmonic distortion indicating that the harmonic levels are lower but are

still comparable to the physical motor-generator results. These results provide two
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valuable insights. First, they further validate earlier results obtained that show how
utilization of an AC source alone to supply transient loads results in a degradation in both
AC and DC power quality. Second, they suggest that the HIL is a valid limited substitute

for AC generation sources that are not physically available for experimentation.
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Figure 56. Line currents of each respective AC source during a 1 second rest period in
experiments where no buffering supply is used.
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Figure 57. Line currents of each respective AC source during a 5 second load period

in experiments where no buffering supply is used.
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Next, the intelligent controller will be enabled to buffer the generation sourced during
the off period to improve the power quality of the generation source. During this next
experiment, it is expected that the power quality of the generation source will improve
when buffered by the HESM system. With the PHIL model showing comparable results
within 10% of the physical system, the same comparable results are expected with the

next set of experiments.

E. Buffering of the AC Source with Energy Storage Results

In this experiment, a comparison between the physical motor-generator and the PHIL
generator model was evaluated with the HESM actively buffering the generation source.
Figure 58 shows the same load profile being operated on the programmable load as that
performed as in the previous series of experiments. Because the HESM is buffering the
AC source, it is constantly loaded, supplying a nearly constant current to the PCC as
shown in Figure 59. The HESM'’s batteries and capacitors provide a portion of the load
current while it a load is applied and continue to load the AC source when the load is off
by charging the batteries. This improves the stability of the PCC DC voltage bus
considerably, shown in Figure 60, where deviations less than 1 V are observed during the
full transient profile. This is within a 5% error on the DC bus and shows that even though
the bus is being actively controlled, the PHIL deployed model is not a perfect

representation but is comparable within a 5% error.
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Figure 58. Current drawn by the programmable load during each respective experiment

performed when the HESM was used to buffer the AC source.
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Figure 59. Rectified current supplied by the AC source during each respective

experiment performed when the HESM was used to buffer the AC source.
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Figure 60. The PCC DC bus voltage showing much reduced deviation when the HESM

is used to buffer the AC source.

As shown in Figure 59, the current sourced by the generator is consistent during the full
transient profile. This causes the stator voltage to be consistent during the transient
profile. As was observed in Figure 61 and Figure 62, there is harmonic distortion but it is
reduced due to the consistent loading of the generator. The error between the PHIL and
physical motor-generator stator voltages is 10.0% during the transient profile. Figure 63
present line current when the HESM is utilized during the transient profile. The line current

harmonics in the emulated source are very similar to the physical motor-generator.
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Figure 61. Phase voltage droops observed when the HESM is used to buffer the AC

source.
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Figure 62. HIL source and motor-generator phase voltages are within 10.0% error

despite harmonic distortion in the motor-generator when buffered by HESM.
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Figure 63. Line currents of each respective AC source during a 5 second load period in

experiments where the buffering supply is used
F. PHIL Motor-Generator Vs Hardware Small Scale System Integration Conclusion

In this set of experiments, a physical motor-generator set was procured and accurately
modeled for deployment as a PHIL model within a built actively controlled HESM to
experimentally evaluate the system integration of PHIL deployed models. During this set
of experiments, a possible repetitive short transient event was used to evaluate a

comparison between a PHIL deployed model of a known motor-generator set when
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buffered and not buffered with an actively controlled HESM. This repetitive transient
profile could occur within an isolated microgrid and was shown that the physical motor-
generator could be replaced with a PHIL model. The error seen between the PHIL and
hardware motor-generator when buffered and not buffered by the HESM was within
10.0%. Again, this shows that PHIL deployed models are viable replacements for physical
generation sources for the purposes of power quality study during short transient events.
The final step in the process of evaluating if a deployed PHIL models are viable
replacements is to demonstrate the capability by incorporating a fuel-based generation
source not physically owned within a small scale test bed for power quality study. The
next chapter will focus on the integration of a PHIL deployed fuel-based generation source
into a known HESM test bed to demonstrate the capability of power quality analysis and

improvements.
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CHAPTER 8: EMULATED DIESEL GENERATOR SOURCE FOR POWER QUALITY STUDY

A. Diesel Engine / Synchronous Generator Emulated Source

In this section, a simulated 4160 VAC synchronous generator that is spun using a diesel
engine is deployed as a PHIL model. This generation source is not physically owned for
hardware validation but is representative of a 3 MVA diesel generator. This is to show
that modeled generation sources not physically owned are capable of being evaluated
when a PHIL model is available. The schematic, shown in Figure 64, is similar to Figure
48 with two main differences. The first is that a 3kw AC/DC power supply is used as a
rectifier in place of the step-down transformer and 6-pulse rectifier. The second is that the
DC bus is inverted to a 120 VAC and the programmable load is run in an AC constant

Resistance mode.
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Converter Suppl
-
250A Buck Converter  250A Boost Converter p
& 4 kW DC/AC 120 30 VA 2
«m«m« o2
| h=e 25
! —.Q < g
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== Power Flow )
3.5kwW

== Feedback Signals ;
== Control Signals ‘&'J Prog ble Load

Opal-RT HIL
Diesel Generator Model

24V EDLC

Figure 64. Block diagram of the hardware topology deploying a PHIL emulated AC
generator and a DC power supply as the AC/DC converter.

The Simulink model being deployed in Opal-RT is shown below. The generator model
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is contained within the block labeled SM_Machine while the SC_User block contains all

the parameter monitoring sub-blocks.

Discrete,
Ts = 5e-005 s.
Vmon P Vmon
Imon P{ Imon
Load P Load
m Pm
Vabe P Vabe
SM_Machine SC_User

Figure 65. Deployed Model on Opal-RT HIL system.

Figure 66 displays the schematic components internal to the SM_Machine block. In the
lower portion of the figure, the engine-generator model is shown. The input block, where
feedback from the voltage and current monitors is processed is located in the upper left
side of the figure. In the upper right side of the figure, the sub-block that handles the
analog output signals is shown. It is within that block that the stators’ output voltages are
scaled and sent to the Opal-RT’s analog output card. It is within the block labeled ‘Power
Calculation from External Signals’ that the power supplied by the AC/DC power supply is
rescaled such that it properly loads the generator model. The benefit of this being in a
simulation is that the external measurements can be easily manipulated to draw any

desired amount of power out of the generator simulated.
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Figure 66. SM_Machine Simulink model.
The sub-blocks within the SC_User block are shown in Figure 67. There is nothing too
noteworthy happening here other than this is where the each of the input and output

signals are displayed for user awareness.
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Figure 67. SM_User monitors the external measurement signals, dynamic load,

machine parameters, and stator voltages.
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B. Diesel Engine / Synchronous Generator Emulated Source Experimental

Procedure

In this experiment, a diesel engine/synchronous generator was emulated as the AC
source will be presented. The rotor speed, power sourced, and Fourier transform of the
PHIL generator’s stator voltages are compared between two different experiments. In the
first, the PHIL generator is the sole provider of power for the transient load. In the second,
the PHIL generator is buffered with the HESM during the off period of the transient load.
Each experiment starts with a 5 second off period, followed by a 5 second load period,
and then one final 5 second off period before it is halted. When the load is off, it acts as
a constant 1 kQ resistive load to the inverter's AC output bus, drawing roughly 20 W.
When it is on, it is set to act as a constant 10 Q resistive load on the bus drawing roughly

1.5 kW.

C. No Buffering of the Diesel Engine / Synchronous Generator Source

In this experiment, only the emulated generator is used to supply the transient load. The
HESM is present but the battery is inhibited from sourcing/sinking any power while the
EDLC is floating on the bus. At approximately 50 seconds into Figure 68 and Figure
69Figure 69, the PHIL generator is connected to the DC bus and it begins to charge up

the passive EDLC module. This is seen most clearly in Figure 69.
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Figure 68. (a) Rotor speed during HIL generator deployed during experiment. (b) Rotor

speed during the load profile.

Once the 24V bus is charged up, at approximately 60 seconds, the HIL generator stops
supplying power until the bus voltage falls too low. Remember that the bus is always
being loaded with roughly 25 W and this is done assuming some sort of controls hardware
will always be drawing power. When this happens, the emulated generator recharges the
bus back up to its nominal voltage. The oscillation between charging and resting can be
seen between 60 and 85 seconds. When the load turns on, the change in the generator’s
rotor speed is clearly visible in Figure 68, where it appears to constantly be trying to

recover. Fluctuations in the rotor speed are seen in the Fourier transform of the stator
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voltages plotted in Figure 70. When the PHIL generator is loaded by a transient event,
the frequency of the stator voltages varies from the nominal 60 Hz ranging between 58
Hz and 61 Hz. This is considered poor power quality and falls well outside the range of
the specified +£0.750 Hz which is considered worst case for transient events [4]. This is
most easily seen in Figure 70. Though the EDLC is on the bus, without the energy dense
energy storage present to maintain the DC bus voltage, it sags significantly and therefore

the generator must source the brunt of the power and power quality suffers considerably.
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Figure 69. (a) Power sourced during HIL generator deployed during experiment. (b)

Power sourced during the load profile
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Figure 70. (a) Fourier transform of Stator voltages during HIL generator deployed during

experiment. (b) Fourier transform of stator voltage during load profile.

With the PHIL model evaluated with a short transient event, the intelligently controlled
HESM will be brought online to buffer the generation source during the transient event.
This should significantly narrow the frequency spread during the transient event. Ideally,
the frequency deviation should fall within £0.100 Hz to be within the normal operational

range [4].

D. Diesel Engine / Synchronous Generator with Energy Storage Buffer

In the next experiment, the previously presented experimental conditions were repeated
but this time the energy storage is actively controlled to maintain the DC voltage. The

rotor speed, generator power, and Fourier transform results obtained when the second
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test scenario was implemented are presented in Figure 71, Figure 72, and Figure 73.
Approximately 30 seconds into the plots, the PHIL generator is connected onto the 24 V
bus and it begins to charge up the passive EDLC module. This is seen most clearly in
Figure 72. At approximately 55 seconds, the local controller is enabled and begins to sink
power from the generator, establishing a base load. At approximately 80 seconds, the
transient profile is initiated. The profile is hard to even make out in Figure 71 because the
generator’s rotor speed hardly fluctuates once the controller is enabled and it is
consistently base loaded. The base load of the generator is shown most clearly in Figure
72, supplying the HESM during periods of load inactivity. The Fourier transform of the
stator voltages shown in Figure 73 displays a much sharper spike centered at 60 Hz.
While the load profile is executed, the PHIL generator frequency only shifts from 59.9 Hz
to 60.1 Hz. This improves the power quality of the system to within the acceptable ranges
of £0.100 Hz during the transient events [4]. These results clearly demonstrate the ability
of a HESM to improve the power quality of a PHIL deployed fossil fuel powered generation

source when transient events occur.
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Figure 71. (a) Rotor speed during HIL generator deployed during experiment. (b) Rotor

speed during the load profile.
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Figure 72. (a) Power sourced during HIL generator deployed during experiment. (b)

Power sourced during load profile.
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Fourier Transform of HIL Generator
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Figure 73. (a) Fourier transform of Stator voltages during HIL generator deployed during

experiment. (b) Fourier transform of stator voltages during load profile.

With the previous experiments evaluating the capabilities of generation sources being
deployed as a PHIL model for transient analysis and power quality study, this experiment
shows that PHIL deployed generation sources can be implemented into an existing

testbed as a valid replacement for the physical generation source.
E. PHIL Diesel Engine / Synchronous Generator System Integration Conclusion

In this set of experiments, a fuel-based generation source not physically owned was
modeled and deployed as a PHIL model within a built actively controlled HESM to
demonstrate power quality improvements. This was demonstrated by applying a short
transient event to the PHIL model with and without active buffering from the actively
controlled HESM. As expected, improvements to the power quality of the AC generation

source when actively buffered by a HESM were seen. This improvement was an initial
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deviation of +£3.00Hz to a +0.100 Hz which brings the system within the acceptable
deviation during normal operation [4]. This demonstrates that PHIL deployed models of
generation sources not physically owned are capable of power quality study during short
transient events. The capability of emulating a fuel-based generation source within a
known test bed, that was used for power quality improvement study, is a viable alternative
if the physical source is impractical to implement into a hardware test bed for transient

and power quality.
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CHAPTER 9: CONCLUSION

Experimentally evaluating power quality using PHIL deployed models have been shown
to be a viable method, if the physical generator is not present for experimentation and
power quality study. The work shown here shows the process of PHIL modeling and
validation of an acquired motor-generator set for power quality study with an actively
controlled HESM to improve the power quality of the AC generation source. Implementing
these PHIL models into test beds capable of evaluating AC generator sources for power
guality improvements have been shown. There are limitations that need to be overcome
when deploying an AC PHIL motor-generator model due to the multiple feedbacks
needed into the PHIL model. With these multiple feedbacks, the high transient nature of
the feedback could possibly collapse one of the phases causing the system to become
unstable with each further step of the PHIL model. This limitation was improved when the
feedback into the PHIL model was simplified to a DC current and this showed higher
correlated results to the physical system. This limitation was not seen within the fuel-
based PHIL model due to the lower response time of a fuel-based generation source. The
improvement seen in the fuel-based PHIL deployed model of +3.00 Hz to +0.100 Hz
during the transient event shows great promise in the ability of PHIL deployed models to
be implemented into physical test beds for validation. This work lays the foundation for
future improvements of feedback, filtering of the external signal, implementation into
higher voltage test bed, and hardware validation of generation sources not physically

owned into hardware test beds.
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APPENDIX A
Basics of OPAL-RT

1. Start RT-Lab
2. Create or choose an existing workspace.
3.  Screen shown below will pop up containing either an empty project explorer or the

projects created previously.

& rr-1ABvI13362 - o > ¢
File Edit Navigate Search Simulation Tools Window Help
- b R = ErAy e BN erariyy Quick Accessfi| 9 | [N
2 Project Explorer 53 S = 8 @ wWelcome 53 cAaBE=a
- -

. o "
v o :vgns 3 Overview

afs OpalRT ;}' Get an overview of the

Wiy localhost fealures

& Madani

% | Tutorials
. Go through tutorials

What's New
Find out what is new

@ Migrate
Migrate to the new release

& Display 33 ool =

model_zio / SM_Master

=g Progress 31 ¢ 3 o]

No operations to display at this time.

0 items selected
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4. Contained in this project folder shown above are training simulations to understand
how to use HIL
5. Toeditamodelin RT-Lab, expand the project folder to the model folder, right click

the model and choose which MATLAB edition to edit it with

[ rr-LABVIL33.62

- o X
File Edit Novigate Search Simulation Tools Window Help
v oy [ il g avary - Quick Accessf| = | (M
£ Project Explorer 53 -~ im ») WWSystem2 § = O 9 Welcome 53 A= 0
= - & @ Overview 1message detected A
v Tx.rgcts 3 Overview
& OpalRT General Information Preparing and Compiling %’  OGetanovervewoithe
st fealures
i Name: LVSystem2 | Edit the model
Path: Ci/Users/OPAL-RT/Dropbox (UTAPPELWUT [ Seithe development properties.
<Not enmnilad> MATLAB: R201TA b Build the model.
S ‘ R — A Tutorials
atezy Not loadable <Not compiled> i) Consult result in the Compilation View J  Go through tutorials
Description: M Ascign targets to subsystems,
Executing
p— What's New
[T Set the execution properties. % Find out what is new
the model.
Copt CtleC B Execute the model.
Delete Delete Payze the model. G Mt
v igrate to the new releast
Rename £ Migrate to the new release
N pvg Import..
Refresh 75
Close «stle
Tools
Simulation
Properties Alt+Enter
Overview| Development Execution  Variables | Files | Assignation | Diagnostic | Hardware | Simulation Tools
B Display 22 =8
G| W 20880 T
No selection
=g Progress 31 X 2.6
No operations to display st this time.

6. To deploy the model, right click on the model and choose to rebuild all to build the
model for deploying onto the real time operating system. Within the execution tab shown
below, the real time simulation mode should be set to hardware synchronized in order to

run the real time simulation. The default of this is software synchronized
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v e Me‘d:: 2 Real-time simulation mode: Hardware synchronized v Actiorba petoym e o Eo
3 Ve neeen ara o .
=yom  New > | Real-time communication fink type: | UDP/IP J  Pefomactonafie Novemms | [0 = é‘;‘m;’gn S
[]Panels  Add | TR ——ﬁ‘ 5 —] Number o steps without overruns: [ 10
@ Recon o : L
(g Confic s Stop Time [¢]: Infinity v
W Madani Edt ) A What's New
@ PHILLYS: Radee Tk [oF Inkieity i S Findout what is new
@ Echt with y
raining
@ Training2 [B Copy Cl-C
& Trining3 3¢ Delete Delete Migrate
W Trainingd Renartie ) & Migrate to the new release
@ TrainingLi
& Trainingli guy  Import... >
v & Trainingli
« [ Mode £ Refresh 5
» T Close
= /0In
Too: >
[ Panel Kl
. Recon Simulation > [ Build CtrivAfteC
l.@ Confic = ild All
@ Crestear  Propetties Alonter | Ao
Build
& Assign.. CutsAlt-A
Load Ctrl Alts L
Execut Ctri-Alt+S
>
es g g lardware| Tools
] 2 =58
[ CHEEEIR ®
=g Progress 23 ® = 08

No operations to display at this time.

»| LVSystem? - LVSystem2

7. After the model has rebuilt, go to the assignation tab and for each subsystem,
enable XHP to on in order to assign a node to each subsystem. All warnings should be

ignored.

95



[ rT-LAB V113362 - o %
File Edit Navigate Search Simulation Tools Window Help

2 Project Explorer 53 =0 |Hi 1) Wsystem | (%) B | S0 @Weomesx H oo AE=AD
BsRY v Subsystem settings A

i OpalRT Assignations [Targetatute

localhost <o ficenses

v 2B Lvsystem2 Subsystems -
v u;s“"" —— Select to edit their

o %] WSystem2 -> OpalRT

/0 Int Name Assigned node  Platform XHP [ Tutorials

[ Panels 5] SMLtest OpalfT OPALLRT Linux (6. [ ON o

@ Recorders

Lig Cenfiguration (Default”)

& Madani

Overview
Get an overview of the
features.

¢ mm.d’:: s new

O Training2
13 Training3
& Trainingd
3 TrainingLive
£ TeiningLive2 » Advanced
v & TrainingLived

v |8 Models

> [3) Traininglive3 -> OpaiRT

B9 /0 Interfaces

] Panels
> @ Recorders

(g Configuration (Default)
Wi Create o new project...

“ Migrate o the new release

cut Files | Assignation | D
@ Display [} Properties ) Compiat=. §3 & Console [ Variables.., [ Verisble.. [ Monitoring = B
Bk w % ey v

R T ST R AR PR ——
unctions=2 -diag-disable rexark,warn,cpu-dispatch
unctions=2 -diag-disable remark,warr,cpu-dispatch
‘unctions=2 -diag-disable rexmark,warn,cpu-dispatch
-diag-disable rewark,warn,c:
~diag-disable remark,wars,c|
-diag-disable remark,warn,cpu-dispatch
-falign-functions=2 -diag-disable rexark,warn,cpu-dispatch
~falign-functions~2 -diag-disable reark,warn,cpu-dispatch
align-functions=2 -diag-disable remark,warn,cpu-dispatch , RT
~falign-functions=2 -diag-disabls rewark,warn,cpu-dispatch  -DUSE_RT

=g Progress I3 SN =
No operations to display at this time.

### Linking ...

opicpc -Wl,-rpath='/usr/opalrt/vil.3.3.62/common/bin' -Wl,'-rpath=/usr/opalrt/vll.3.3.62/c
chmod a+x lvsystex2 1 sm test

##4 Created executable: lvsystem2 ! s test

_L_sx» _test : Building B

Building model total duration : 0Ch:0C(m:05s
Compl

1y

1 the BUllt model =-eseeesmssmeemeaae
Connecting to 129.107.89.42 ... OK.
in binary mode p-vidécpl/ /opal-rt/dropbox (uta ppel)/uta pp
Transferring in ascii mode /h P 22 pal-rt/dropbox (uta ppel)/uta ppe
File :
c 1y

End at : Thursday, January 10, 2019, 14:07:24
Compllation duration : 00h:0lm:lés
Updating status for next build...OK

< . >
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APPENDIX B

Repetitive High Rate Discharge LabVIEW VI

1. VI is located at Dropbox (UTA PPEL) \JTA PPEL Team
Folder\Resources\LabVIEW Programs\Repetitive Discharge
2. Open the VI and the front panel is as shown below
Single Cell Repetitive Discharge
0 X
’\Max Voltage pe Stop
o 0 charge discharge Frequency
" Min Voltage —-——‘ ' ' Q‘ 9’0.00
'IO . Duty Cycle
] Voltage Temperature Current Cycle JO_OO
-0.00053350 21.8081 2
Electrical Data = ; Temperature Data i
3. On the left, the Current, Max and min voltage.
a. Current corresponds to the current drawn from the device under test during each
discharge
b. Max Voltage corresponds to the voltage that needs to be achieved in order to start

the repetitive discharge

C.

discharge.

¥

Current
A
.0
Max Voltage

0

w
Min Voltage

0

Min voltage corresponds to the voltage that initiate a charge after the repetitive

Single Cell Repetitive Discharge

Cap Check

OOQ

Discharge cycles Number SfEycic

start Stop

charge discharge @ Frequency
- ., 5 = ' oo
Duty Cycle
Voltage Temperature Current Cycle 9000
-0.00053350  21.8081 2
Electrical Data Temperature Data
=l =]

1 1
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4. The three indications on top (blue, green, and red) show which state the VI is in.

a. Blue indicates a capacity check at desired rate. This is performed at the beginning
and end of the repetitive cycle.

b. Discharge Cycles indicates that it is currently in the charge/repetitive discharge
portion of the experiment.

c. End indicates that the experiment is over. Note: The VI leaves the cell in a

discharged state.

Single Cell Repetitive Discharge

Cap Check Discharge cycles

Number of Cycle

Current .
a . 0
0 L
L
Max Volt
ALK REE start

Stop

o 0 . charge discharge @ _ Frequency
Min Valtage —— ‘ ‘ 9000

i
. 0 Duty Cycle

Voltage Temperature Current Cycle 9000
-0.00053350  21.8081 2

Electrical Data Temperature Data

= =
5 5

5. On the far right, Number of Cycles, Frequency, and Duty cycle control how the
discharge will proceed

a. Number of Cycles controls the number of cycles performed during the experiment.
Note: the number of cycles should not exceed 200 to keep parsing the acquired data
possible.

b. Frequency corresponds to the amount of discharges per second until the user
desired min voltage is reached.

c. Duty cycle controls the percentage of the period a discharge will be in effect.
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Single Cell Repetitive Discharge

Cap Check Discharge cycles

Number of Cycle

Current B

A 0
0 L

L

,:Vlax Voltage pr Stop
0

b _ charge discharge Frequency
Min Voltage 1 r ' ‘ 4 J,O 00

A

o 0 Duty Cycle
Voltage Temperature Current Cycle g 0.00
-0.00053350  21.8081 2
Electrical Data Temperature Data
=l =
1 %

6. On bottom is the current voltage, temperature, cycle number, Electrical data path,
and Temperature data path.

a. Electrical and temperature data and stored in separate files due to the different
sampling rates.

b. The electrical data is stored in separate files for each discharge. To parse this data,
the MATLAB code is located at Dropbox (UTA PPEL) \UTA PPEL Team

Folder\Resources\LabVIEW Programs\Repetitive Discharge

Single Cell Repetitive Discharge

Cap Check Discharge cycles Number of Cycle

Current
A
o 0
Max Volt:
A EEEge start Stop

" 0 charge discharge @ Frequency
Min Voltage i r ‘ ‘ d 3)70.00

7 0 Duty Cycle
Voltage Temperature Current Cycle 9 0.00
-0.00053350 21.8081 2
Electrical Data Temperature Data
=1l =
1 1
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