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Abstract

The power output variability of photovoltaic systems can affect local electrical grids in locations
with high renewable energy penetrations or weak distribution or transmission systems. In those
rare cases, quick controllable generators (e.g., energy storage systems) or loads can counteract
the destabilizing effects by compensating for the power fluctuations. Previously, control
algorithms for coordinated and uncoordinated operation of a small natural gas engine-generator
(genset) and a battery for smoothing PV plant output were optimized using MATLAB/Simulink
simulations. The simulations demonstrated that a traditional generation resource such as a
natural gas genset in combination with a battery would smooth the photovoltaic output while
using a smaller battery state of charge (SOC) range and extending the life of the battery. This
paper reports on the experimental implementation of the coordinated and uncoordinated
controllers to verify the simulations and determine the differences in the controllers. The
experiments were performed with the PNM PV and energy storage Prosperity site and a gas
engine-generator located at the Aperture Center at Mesa Del Sol in Albuquerque, New Mexico.
Two field demonstrations were performed to compare the different PV smoothing control
algorithms: (1) implementing the coordinated and uncoordinated controls while switching off a
subsection of the PV array at precise times on successive clear days, and (2) comparing the
results of the battery and genset outputs for the coordinated control on a high variability day with
simulations of the coordinated and uncoordinated controls. It was found that for certain PV
power profiles the SOC range of the battery may be larger with the coordinated control, but the
total amp-hours through the battery—which approximates battery wear—will always be smaller
with the coordinated control.
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1. INTRODUCTION

Adverse impacts due to variability of renewable generation on the electrical grid are possible in
cases involving weak electricity grids or high penetration scenarios. In these cases, local storage
systems (e.g. batteries) can smooth the renewable power output so that the local grid voltage—
and frequency in the case of island grids—are not negatively impacted. The Public Service
Company of New Mexico (PNM) has a 500 kW photovoltaic (PV) system co-located with a 500
kW, 500 kWh valve-regulated lead-acid (VRLA) smoothing battery [1] at the Prosperity site near
the Albuquerque Airport. The battery uses a control algorithm developed by Sandia [2, 3] to
perform smoothing of the PV power. The New Energy and Industrial Development Organization
of Japan (NEDOQ), in partnership with PNM, the University of New Mexico, and Sandia National
Labs has developed a smart grid demonstration project at Mesa del Sol, to investigate building
microgrid operations, integrating renewable energy generation with traditional generation, and
employing storage to control PV power variability [4]. The Prosperity and Mesa del Sol projects
are installed on the same 12.47 kV distribution feeder.

In previous work, the operation of the gas engine-generator (genset) and the battery was
simulated to optimize the control parameters with respect to battery and inverter size, and battery
lifetime [5]. In the simulations, coordinated and uncoordinated control cases were also
compared. With coordinated control the battery energy management system was sent the output
of the genset, so the battery could use less energy to reach the smooth power target. In the
uncoordinated control, the genset and battery would smooth the PV output individually without
knowledge of the output of the other system. The simulations illustrated benefits of using the
coordinated control: less required battery capacity, less SOC range utilization, reduced battery
amp-hour throughput, and smaller inverter size. This report describes the experimental
demonstrations of the coordinated and uncoordinated control involving the PV system and
battery at Prosperity and the gas engine-generator and fuel cell at Mesa del Sol. The
demonstrations were designed to verify the simulations in [5], as well as experimentally quantify
the benefits of employing traditional energy resources to assist battery smoothing operations.

For the demonstration, highly-controlled, repeatable PV output changes were created by
disconnecting a portion of the PV array at precise times while different control algorithms were
operating. Since the PV power profiles for the days were nearly identical, a direct comparison of
the smoothing system operation was possible for the three cases of interest:

1. Battery smoothing only

2. Coordinated smoothing with the genset and battery

3. Uncoordinated smoothing with the genset and battery

The results of the demonstration showed a range of challenges regarding the data collection, data
storage, and the exchange of data between the sites, but the behavior of the different controls
matched well with the simulations and there was less battery operation when the coordinated
control was implemented.

In the second test, the experimental coordinated control was compared to simulations of the

coordinated and uncoordinated controllers using the same PV profile. Here the SOC range of the
coordinated controller was found to be larger than the uncoordinated controller because the
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genset did not return to the nominal power level for long periods of time, which biased the
battery output and caused more charging in the coordinated control than the uncoordinated
control simulation. This phenomenon was studied with multiple simulations using artificial PV
power profiles to better understand the battery parameters of interest: the SOC range and the
battery energy throughput. It was found in situations with higher variability PV power profiles,
the genset is unable to return to nominal power and this causes the SOC range of the battery to
drift in the coordinated control case. However, the total energy through the battery using the
coordinated control was less than the uncoordinated control in all the tests and simulations.
Therefore, in climates that regularly experience high irradiance variability, the coordinated
control will not necessarily reduce the operational SOC range of the battery. This means that the
SOC limits of the battery may be reached with the coordinated control, so alternative smoothing
coordinated control parameters or control design would be advised for those PV sites.
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2. SMOOTHING ALGORITHMS

Batteries have been used to reduce the variability of PV and wind generation in a number of
studies [4, 6-9], and the coordination of renewable energy plants with energy storage continues
to be an active area of research. Particularly because some island PV and wind projects are
required to have energy storage systems to smooth the output variability at the point of common
coupling (PCC) [10-11]; although, larger, interconnected grids do not require these systems, and
it would be more cost-effective to use the energy storage system to directly maintain grid voltage
and frequency [12-14]. In the case of the PNM Prosperity site, the smoothing battery was part of
a larger DOE-sponsored renewable energy program and installed solely for research purposes.

For the demonstrations in Albuquerque, the Battery Energy Storage System (BESS) at the PNM
Prosperity site and the Building Energy Management System (BEMS) at the Mesa del Sol (MdS)
Aperture Center jointly smooth the PV output. The BESS controls the output power of the
battery and the BEMS controls the output power of the genset. Each of these controllers are
independent and do not know the target output power or setpoint established by the other
controller.

2.1 Battery Energy Storage System (BESS)

The existing, operational PNM battery PV-smoothing control [2] implemented in the BESS
determines the desired battery power output to meet a target output power. The BESS controller
uses a moving average sliding window or low-pass filter of the PV power history to determine
the target smooth power output, Psmooth, Of the PV and battery system. In this paper a low-pass
filter of 160 seconds is used. The setpoint of the battery is set to approximately the error signal,
Perror, Which is the difference between PV power output and the smooth power profile,

Perror = (Psmooth - va) = Ppat (1)

The BESS battery setpoint is not equivalent to Peror because there is also a return-to-nominal-
SOC bias to move the SOCrt. This bias is relatively small compared to battery control
component tracking Peror, but over time it returns the energy storage SOC to a nominal value.
The BESS also limits the battery to a range of within SOCpi, and SOCnax, €.9., 20% and 80%,
though limits will vary on the application, battery technology, and smoothing controller design.
More details on the operation of the battery and the controls are provided in [5].

The BESS controller is shown in Figure 1. The green logic blocks indicate the controller
installed in the BESS. The upper blocks switch between the moving average and low-pass filter.
Reducing the G; gain below 1.0 reduces the error that the battery will attempt to absorb. AUX1
and AUX2 are inputs from other sources and, for example, can include values read from other
energy resources and stored in a PI historian. For all the tests, the deadband is set to zero, but
could be increased to reduce the battery operations which curtail small ramp rates. The “state-of-
charge tracking function” is the method that the controller returns to the reference SOC. This
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loop compares the current battery SOC to SOC,s and applies a small gain, G4, to slowly bring
the battery back to the reference value.

Battery »| saterypcs p| LOVI2ATRY Ly
> Pl Transformer

BESS

1

Figure 1: PNM Prosperity BESS controller [2, 3].

2.2 Building Energy Management System (BEMS)

The Building Energy Management System (BEMS) controls the gas engine-generator based on
the output power of the Prosperity PV site. The 240 kW genset requires a minimum output of
120 kW to operate with a reasonable efficiency and emissions levels. As a result, the BEMS
requires that genset operation range between 120 kW and 240 kW. The gas engine-generator is
significantly slower (smaller ramp rates) than the PV and the battery, so it is only able to relieve
the battery from operating during slow ramp rates. Larger ramp rates are still nearly fully tasked
to the battery.

The controls system in the BEMS is shown for a system involving a gas engine-generator (GE)
or “genset,” and fuel cell in Figure 2. This controller is designed so that initially the GE absorbs
the entire Pgpr Signal, but the FC setpoint is set to Pge So that it can begin slowly absorbing more
of the error. In the case of the demonstrations, the fuel cell is not utilized so the control in Figure
3 is used by BEMS. This controller is different than the one modelled in [5] in a couple different
ways:

1. There is no loop to return the GE to the nominal output power level of 180 kW (Pge = 0).
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2. The control does not calculate an error signal based on the difference in PV and a smooth
target; but, rather, determines the target value based on the bandpass filter of Ppy — (Pce +
PGE_nom)-

The latter point is a critical one since the control implemented at MdS used a bandpass filter and
the BESS used a low-pass filter. It is important to the functionality of the distributed controls to
respond to the same Peror Signal. In the simulations in this paper and in [5], the Peror Signal is
designed to be absorbed by the battery and the gas engine-generator power,

Perror = (Psmooth — va) = Ppat + Pce 2

However, in the hardware implementation, the battery and GE respond to different output targets
established independently by the BESS and BEMS. Therefore, selecting settings in the BEMS
and BESS were critical to ensure the coordinated control operated as the simulations expected.
To do this the low-pass filter in the BESS and the low frequency value in the BEMS bandpass
filter were selected to be the same, 1/160 Hz. The high frequency cutoff for the BEMS bandpass
filter controller was set to fuigh = 1/20 Hz (corresponding to T ow = 20 seconds) so that the slow
ramping GE would have the same response as it would have experienced with the Peyo from the
BESS low-pass filter. To illustrate this effect, simulations were conducted for a range of
bandpass filters varying T o during a 90 kW Ppy step downward, shown in Figure 4. AS T ow
decreased, the Pgpr signal approaches the Perror generated with a low-pass filter. Since the genset
ramp rate is relatively slow (0.285-0.450 kW/sec depending on the genset settings) the BEMS
bandpass filter and PNM low-pass filter result in the same output for the genset as long as T o IS
below 20 sec. Thus, as long as the Prosperity BESS T, at BEMS Tyigy are set to 160 sec, and
Trow is below 20 sec, the error targets for the different controllers will be the same.

FC output =
PV Power - p
:

(%)

Pec

GE output

~ Band Pass Pgpr N GE Saturation Poesp
m ) —( e >
(> — “Fier X2 imies >
- Th\gh =20s
FC output Tiow =160 s
GE output - p e _ P
+ aturation FC-SP

Tokyo Gas Smoothing Control
Figure 2: MdS BEMS controller with genset and fuel cell.
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PV Power

Band Pass

Pepr  _[GESaturation| Peess

Thigh =20s
Tiow = 160 s

Tokyo Gas Smoothing Control without FC

A

Limits

Figure 3: MdS BEMS controller with only a genset.

Target GE Power using Different Low-pass and Bandpass Filters

100F T T T T : . .
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90 . N
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© —Pee
D 40r =
®©
'_
301 -
201 -
101 -
0

| | | | |
1100 1200 1300 1400 1500
Time (s)

Figure 4. Comparison of low-pass and band-pass filters. The output power from the GE
will be the same when selecting T; = Tyigh = 160 sec, and Tow < 20 sec.

In order to compare the simulations shown above in Figure 4 to the true BEMS GE output target
Pepr, the BEMS was fed an artificial 90 kW PV power increase to verify the response of the GE
setpoint and GE output power, plotted in Figure 5. The GE Pgpr Setpoint has the expected
bandpass filter curve shape, but the gas engine could not increase its output power quick enough
to stay on the setpoint curve once it reached the setpoint value. This overshoot indicates the
genset cannot respond as quickly as the simulations indicate due to latency or hysteresis in the

control, or limitations in the physical system.
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Simulated 90 kW PV Step Change with BEMS GE Setpoint
and GE Response
200
180

’E 160
=140
120

100
80
60
40
20

0

k

(

PV and GE Powe

-20 0 20 40 60 80 100 120 140 160
Time (s)
—GE Output Power (kW)  —GE Setpoint (kW) PV Power (kW)

Figure 5: The GE setpoint and active output power when a 90 kW step increase in the PV
power is observed.

2.3 Combined Gas Genset (BEMS) and Battery (BESS) Controllers

PV smoothing using the gas genset and battery requires simultaneous operation of the BEMS and
BESS controllers. The MATLAB/Simulink models for the coordinated and uncoordinated
controls of the genset and battery are shown in Figure 6. As shown in the upper grey block, the
PV error signal (smoothing requirement) is calculated with a low-pass filter on the time history
of Ppy and then transmitted to the gas engine-generator control. In reality, the calculations of
Perror and Pgpr take place independently in the BESS (with a low-pass filter) and the BEMS
(using a bandpass filter). However, by matching the filters (e.g., T1 = Twign), the target output

powers for the GE and battery are the same as the simulations. More details on these models are
provided in [5].
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Figure 6: Control schemes for the battery and gas engine-generator.
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3. COMMUNICATIONS

The physical separation between the Prosperity Site and the Aperture Center is roughly 2 km
shown in Figure 7. This distance, along with the absence of any direct communication lines,
prevented a single centralized control from coordinating the operations of the battery and genset.
Instead, the information was relayed between the two sites using Pl servers at the PNM
Operations Center and Aperture Center.

The communications link between the PNM Prosperity BESS and MdS Aperture Center BEMS
allows the coordinated and uncoordinated controls to function. Without communication between
the BESS and the BEMS, the genset would be unable to compensate for the PV system
fluctuations and the battery would not benefit from the genset smoothing.

PNM Prosperity Project

Kirtland Air = - 500kwW PV
Force Base .- 500KW, 500 kWh Smoothing

Battery

2 NEDO Mesa del Sol re Center
- - 240 kW Natural Gas Engine-Generator .

Figure 7: Geograhical locations of the PNM Prosperity Site and Mesa del Sol Aperture
Center.
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In the case of the coordinated control, information about the PV output power is sent to the
BEMS and the output power of the genset is sent back to the BESS. In the case of the
uncoordinated control, Pge is not returned to Prosperity. The communication links for these two
situations are shown in Figure 8. In both cases Ppy data is passed from the BESS at Prosperity to
the PNM PI server located at the operations center in Albuquerque, where it is then passed to the
microgrid Pl server at the Aperture center through a real-time Pl-to-PI interface. The Ppy signal
is then transferred to the BEMS, which determines the gas genset setpoint, Pge-sp, and sends the
command signal to the genset. The output power is monitored by the BEMS and, only in the
case of the coordinated control, transferred to the BESS.

In order to accomplish the control and inform the BEMS to the status of the BESS system, the
following P1 tags were sent from PNM to MdS:

1. PV output power (kW)

2. Battery output power (kW)

3. Status of the smoothing battery (1 = Operating, 0 = Stopped)

Likewise, the following PI tags were sent from MdS to PNM in order to provide information
about the status and current operation of the BEMS system:

Gas Engine Power (kW)

Fuel Cell Power (kW)

PNM PV Power (kW) — to check communications latency

Status of Gas Engine (1 = Operating, 0 = Stopped)

Status of Fuel Cell (1 = Operating, 0 = Stopped)

Status of the GE & FC smoothing control (1 = On, 0 = Off)

ogakrwdE

Note that the PNM PV power was returned to the PNM server to determine the latency in the
communications. The PI data (specifically PGE) was not sent from MdS to Prosperity for the
uncoordinated control, as shown in Figure 8(b). The recorded data at the UNM Operations
Center was sent to Sandia National Laboratories through a Pl-to-PI communications link to
perform the data analysis. The data sets were sampled with 1 second resolution for the analysis
in this report.
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(b) Independent Control of Prosperity and MdS.

Figure 8: Control schemes for the battery/FC and gas engine-generator for Test A.

3.1 Operational Historian Configuration Settings

Operational historians collect real-time measurement data and compress them into time-stamped
time histories of the channels. In this demonstration, PI server historians from OSlsoft [15] were
used at the Aperture Center, Prosperity Site, and Sandia in order to record and transfer data
between the different locations. In general historians are designed for monitoring systems, not
for real-time control. PI servers, like other industrial automation tools, compress data while it is
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being collected. Therefore, not all the data sampled with a historian is saved to hard disk
memory. The time history is compressed by only sending values to the PI server that exceed an
exception deviation deadband and only saving values in the archive that exceed a compression
deviation. The exception deviation limit is applied first and designed to reduce the
communication bandwidth to the PI server by filtering out signal noise. The compression
deviation reduces the required disk space required by only storing significant signal changes to
the PI archive via the PI compression algorithm [16]. There is also an exception maximum and
compression maximum which sets the maximum amount of time before the PI system or archive
will receive a new data point if the exception or compression deviation has not been exceeded.

During the operation of the coordinated and independent (uncoordinated) controllers, the data
stored on the PNM PI server was transferred to the MdS aperture center. As explained above,
the exception, and compression settings must be configured correctly in order to capture
significant changes in the output power from the different sources without taxing the drive space
or communication channels with excessive data. The Pl server settings used for the
demonstration are shown in Table 1. Some tags were inadvertently left with immoderate
settings, and therefore the consistency and quality of the transferred data was poor. For example,
the deviation settings are clearly set too large in Figure 9, because, as the high-resolution data is
transferred from the PNM PI server to MdS, there is a loss in the fidelity of the data and only a
few points are collected. This compressed data is then transferred back to PNM with
inappropriate attributes, illustrated by the red line in Figure 9.

Table 1: The exception and compression settings in the PNM Operations Center and MdS
Aperture Center Pl servers for the GE, FC, and PV active power data.

Tag excdev (kW) excmax (s) compdev (kW) compmax (s)
Pce 1 600 2 28800
Prc 1 600 2 28800
Ppyv 1 600 2 28800
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Figure 9: Data compression and exception rules at the MdS PI server caused the step

3.2 Communications Latencies

changes in the BEMS Ppy, profile.

The coordination of multiple distributed resources requires timely communication between the
controllers. Latency in the communications causes the total system output to not meet the target

power production, i.e., Pce + Ppye Will not equate to Peor during PV power transients.

In the

demonstrations at Prosperity and MdS, the latency of the end-to-end communication was
determined by returning the Ppy signal from MdS to PNM Operations Center. Therefore, the
offset in the locally recorded PV power at PNM and the returned Ppy signal is the latency for the
two transmissions: Ppy from PNM PI server to MdS BEMS and then Ppy from MdS BEMS back
to PNM, shown in Figure 8(a). While the results in Figure 10 have undergone data compression
and exception rules, the communication latency is approximately 1-2 seconds for each of the
data transfers.
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Figure 10: Communication latency in the PI-PI link.
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3.3 Communication Dropouts

The PI servers transferred data continuously during the demonstrations, but there were some
challenges with transferring the data from the PI server to the BEMS. The source of the
communication error is unknown, but it propagated errors in the BEMS control because it would
set the Ppy value to O, illustrated in Figure 11. This abrupt change would result in the GE
attempting to smooth an artificial, very large negative ramp rate in Ppy, shown in Figure 12.
Fortunately, these data dropouts generally existed for a short period of time so the GE setpoint
and output power were not significantly affected. In the future, logic should be built into the
BEMS so that it repeats the last Ppy value when communications are not established between the
MdS PI server and BEMS.

Data Dropouts between the MdS PI Server and BEMS
600

—PV Power (kW)
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400 A M“
M
300 . E

200

PV Power at BEMS (kW)

100

0
| 10:00:00AM  11:12:00 AM  12:24:00PM  1:36:00 PM 2:48:00 PM 4:00:00 PM
Figure 11: Ppy communication errors between the MdS Pl server and BEMS. The
dropouts occur when Ppy = 0.
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Figure 12: Gas engine setpoint and output power changes due to Ppy data dropouts.
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4. EXPERIMENTAL DEMONSTRATIONS

A number of experimental demonstrations were designed to compare the coordinated and
uncoordinated controllers and verify communications between Mesa del Sol and Prosperity. The
primary objective of the demonstrations was to show coordinating distributed resources results in
a reduction in the battery energy throughput (battery wear) and a reduction in SOC range of the
battery. These benefits are the result of the GE assisting the battery smoothing—while, at the
same time having little or no effect on the overall system smoothing. The two methods of
comparing the control schemes were:

1. Creating highly-repeatable, artificial PV variability by switching off a portion of the PV
system during subsequent cloudless days. The controlled step changes in the PV output
where conducted at the same time during consecutive days to provide nearly identical
input conditions for the controllers so that can be compared directly. The two data sets
that are collected and compared were:

a. Coordinated PV output smoothing control using the Prosperity battery with
assistance from a gas engine-generator while a portion of the PV array was
disconnected.

b. Uncoordinated PV output smoothing using the Prosperity battery with
independent (uncoordinated) assistance from the GE.

2. Recording the coordinated smoothing algorithm during a day with variable irradiance
(partly cloudy weather). Then, comparing this result to the coordinated and
uncoordinated simulations by replaying the Ppy into the Simulink simulation. The three
data sets from this test were:

a. The real-time coordinated controller results for a variable PV day.

b. The simulated coordinated controller results for the same day, in which the PV
power is replayed into simulation.

c. The simulated uncoordinated controller results for the same day, in which the PV
power is replayed into simulation.

There were also plans to compare the results of Test 2a to experimental results, but time did not
permit this experiment. In that test, the uncoordinated battery operation would be experimentally
determined for the same cloudy day in Test 2a by replaying the PV output data from Test 2a into
the BESS AUX1 with the PV gain, Gy, turned off. The operation of the battery during this test
could then be added to the recorded GE output to get the experimental results of the
uncoordinated results. Essentially, this is a method to experimentally compare results from 2a to
uncoordinated control results:
d. The real-time experimental operation of the battery is determined by replaying the
PV profile from 2a into the AUX port of the BESS. The Py, results are then
added to Pge from 2a to determine the overall uncoordinated system power
output.

Please note that in Test 1, the results from the battery operating alone can be determined from the
uncoordinated control by removing the operation of the GE.
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4.1 Experimental Setup

The settings in BEMS and BESS were selected to demonstrate the differences in the coordinated
and independent controllers. Originally the Fuel Cell at the Aperture Center was going to be
included in the smoothing operations, but it experienced a critical error and was not available for
the comparison. The genset ramp rate limits were also expanded from those in [5] to the
experimentally-determined maximum ramp rate of £0.326 kW/second to better demonstrate the
differences in the controls. The BESS T control parameter was selected for each test to match
the BEMS settings. The other BESS control settings are shown in Table 2.

Table 2: BESS settings for each test.

Symbol | Name | Units Test 1a Test 1b Test 2a Test 2d
Real-time, Real-time, Real-time, U R(e)gle:j)_/ 26}[' d
Test D - t- Coordinated, Uncoordinated, Coordinated, g‘i g |r(1ja ed,
est Description Clear day, Clear day, Cloudy day, N ?u y Iai/’d
DC switching DC switching (Record Pgg) (fo?tk?i(')srrgpzft)
PV Moving Average
Tw Time Window seconds N/A N/A N/A N/A
T, PV Low Pass Filter | g 160* 160* 160* N/A
Time Constant
AUXL (Pgc + Pgg)
T, Low Pass Filter Time | seconds 1x10° N/A 1x10° N/A
Constant
AUX2 (PV Replay)
Ts Low Pass Filter Time seconds 0 0 0 160*
Constant
Switch between LPF 0=MA
Flag and MA 1=LPF 1 1 1 &
G, PV Smaothing unitless 1 1 1 0
Error Gain
G, AUX1L (Pec + Pgg) unitless 1 0 1 0
Gs AUX2 (PV Replay) unitless 0 0 0 1
G, SOC Tracking Gain unitless 10** 10** 10** 10**
DB Dead Band Width kW 0 0 0 0

* Selected to match the BEMS bandpass filter.

** The return-to-SOC,¢s gain was set to a small value so it would minimally influence the tests because the initial

SOC point of the tests could not be guaranteed.

24




4.2 Real-time Demonstration of Coordinated and Uncoordinated
Control with Artificial PV Variability

In October 2013, experimental demonstrations of the different controllers were performed with a
team of members from Sandia, PNM, Shimizu, Tokyo Gas, and Toshiba. The purpose of these
tests was to demonstrate the technical feasibility of achieving real-time coordinated operation of
the Prosperity and MdS sites. Another objective was to measure the benefits of coordinated
control compared to independent control with respect to key performance parameters, including
battery state of charge, battery energy throughput, smoothed PV output, and maximum battery
PCS output.

On two consecutive clear days, two of the DC combiner boxes of the Prosperity PV array were
disconnected and re-connected as drawn in Figure 13. The test sequence for the two test days is
shown in Table 3. On the first day, the control was coordinated in the morning and independent
in the afternoon. On the second day, the control was independent in the morning, and
coordinated in the afternoon. The tests were switched at approximately 12:20pm so atmospheric
differences (humidity, pollution, etc.) between days would not influence the results. The
variability in PV output due to these conditions is shown in Figure 14.

400

kw

250 ——

kw
Day 1: Coordinated Day 1: Uncoordinated
Day 2: Uncoordinated Day 2: Coordinated

\ 4

11:00 11:20 11:40 12:00 12:20 12:40 1:00  1:20 1:40
Figure 13: Test procedure for the real-time PV output step change.

Table 3: Test sequence for the two test days.

Test Sequence Day 1 Test Sequence Day 2
10:00 G2 =1 (Coordinated) 10:00 G2 =0 (Uncoordinated)
11:00 Switch PV off 11:00 Switch PV off

11:20 Switch PV on 11:20 Switch PV on

11:40 Switch PV off 11:40 Switch PV off

12:00 Switch PV on 12:00 Switch PV on

12:20 G2 = 0 (Uncoordinated) | 12:20 G2 = 1 (Coordinated)
12:40 Switch PV off 12:40 Switch PV off

13:00 Switch PV on 13:00 Switch PV on

13:20 Switch PV off 13:20 Switch PV off

13:40 Switch PV on 13:40 Switch PV on
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Comparison of the PV Power recorded at PNM for the Experimental Days
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Figure 14: PV power variability between tests days.

Simulations were performed for the coordinated and uncoordinated controllers to determine the
expected battery and genset output for given Ppy profiles (Figure 14). Results from Oct 21 and
22 were used for the comparative analysis and shown in the top plot of Figure 15. As the Ppy
power drops rapidly at 11:00 AM, the bandpass filter in the BEMS and the low-pass filter in
BESS determine the setpoints for the battery and GE. The simulations show with the
uncoordinated controller, the GE and battery respond independently so there is no adjustment in
Poat @s the GE ramps up. For the coordinated control, however, the BESS receives Pge (blue
line) via AUX1 and tapers the battery output according to the genset power (black line). This
trend can be seen in each of the step changes in the simulation results in Figure 14.

The results of the demonstrations do not match the simulations closely. The battery in the
coordinated control on Oct 21 was charging in order to return to SOC, S0 there is a clear
negative shift in Ppy (black line) in the morning. Additionally, while the deadband in the BESS
controller was set to 0, something caused Py to sharply return to 0 at around Ppys = 25 KW. The
other strange behavior is when the G, gain is changed to turn on or off the coordinated control,
there is a sudden change in the battery output. G is read from a Pl tag at the PNM Operation
Center, so it was believed this sudden change in Py could be caused by transient values being
read from the PI tag while it is being changed. As can be seen from the demonstration results,
the best comparison between the coordinated and uncoordinated controllers was between 1:20
PM and 1:40 PM. These switching events are analyzed in more detail below.
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Simulated Battery and Genset Power for Coordinated and Uncoordinated Controls
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Figure 15: Simulation and experimental results for battery and gas engine output power
for coordinated and uncoordinated controls.

The time period between 1:10 PM and 2:00 PM did not experience any transient effects from
changing the control parameters or a Py, 0ffset from the SOC return signal. Therefore, this
region was investigated in more detail in Figure 16. As shown in the top figure, the PV power
was stepped down at 1:20 PM and up at 1:40 PM. The top figure also shows that the smooth
power target is reasonable well matched by the total power from the system for both the
coordinated and uncoordinated controls. In the middle figure, the experimental coordinated and
uncoordinated genset output powers are very similar, as expected, since they are solely a
function the PV power profile. However, the simulations over-predict the Pgg ramp rates, and
the experimental results are less capable of reaching the target output or returning to nominal
output in short periods of time. The uncoordinated battery exports more energy for both the PV
step down and up than the simulation, possibly because the SOC is above the reference value.
The coordinated battery power is larger than the simulation during the down-step but larger
during the up-step in Ppy. In both steps, the coordinated control battery exports and imports less
energy than the uncoordinated control battery. As a result, the SOC range utilized by the
coordinated battery is less than the uncoordinated battery, shown in the bottom plot. The SOC
changes do not perfectly match the simulations, but the overall trend is the same. The positive
bias on the coordinated Ppy; means that the SOC does not return to 0 at 2:00 PM. In the upper
figure, the summation of the DER powers is shown with the Psmeotn target. In both control cases,
the smooth output has much smaller ramp rates that Ppy and the total output power closely
matches the target low-pass filter output.
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PV Power, Smoothing Target from the Low Pass Filter, and Total Output Power
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Figure 16: The output power and SOC for one disconnect/connect sequence with the
coordinated and uncoordinated controllers.
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Figure 17: The difference in the battery energy throughput for the different controllers.
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The other figure of merit for the control scheme is the total energy or amp-hours that are charged
and discharged by the battery. This parameter indicates how much wear is put on the battery,
which is a good estimate for the lifetime of the hardware. To determine how much less wear the
coordinated control places on the battery, the Peror Signal magnitude (i.e., amplitude of the
charge and discharge command) to the battery is calculated for the coordinated and
uncoordinated control. The coordinated control battery error signal is Peror — Pee and the
uncoordinated control battery error signal is Peror.  In cases where the GE is reducing the Perror
signal the battery does not work as much; but, at times Pge is the opposite sign of Peror and the
battery is working harder in the coordinated control scheme. By subtracting the battery error
signals for the coordinated and uncoordinated controls, the improvement in the battery life can
be estimated. In Figure 17, the difference in the coordinated error signal to the uncoordinated
error signal is plotted for the same time period shown in Figure 16. The upper plot shows the
simulated difference in the errors reaching the battery, which should be nearly the same as the
difference in the actual Pny depending on the return to SOC, loop control. As shown in the
figure, nearly the entire time, the simulated coordinated controller is reducing the power
provided by the battery. For this 50 minutes, the total energy throughput reduction from using
the coordinated controller is 7.554 kWh, whereas only 0.002 kWh of the battery throughput is
required using the coordinated control when the GE was working against the battery (i.e., Pce
and Peror Were different signs). Unfortunately, when this result is compared to the actual Pge
output in the lower plot of Figure 17, the Pge does not follow the simulation well and the
coordinated control only provides a slight advantage over the uncoordinated control. The area
indicated in red is the period of time where the battery was forced to work harder to provide
smooth power because Pge was increasing error signal to the battery.

However, in general, the battery and GE simulation results match the trends of the experimental
results. The overall benefits from the coordinated controller over the uncoordinated controller
are illustrated in the simulated and experimental results in Figure 16 and Figure 17. Namely, the
total power through the battery and the SOC range of the battery were reduced when the
coordinated controller was implemented, while still providing similar levels of PV smoothing.
By reducing the SOC range used by the battery, there is less chance the battery will reach the
SOC limits, and in future designs a smaller battery could be used for the same application.
Reducing the total energy, e.g., amp-hours, reduces the wear on the battery and extends the life
expectancy of the hardware.

4.3 Comparison of real-time coordinated control to simulated
controllers

The artificial PV variability from disconnecting a portion of the PV array was an excellent
method of experimentally comparing the control algorithms, but it did not capture the true range
of ramp rates caused by natural irradiance. In order to better understand the behavior of the
control algorithms for a high-variability days, the coordinated controller was run for a partially
cloudy day. The results from the demonstration were then compared to the simulations for the
coordinated and uncoordinated controls. The behavior of the battery with and without the
assistance of the GE can be seen in the difference of the simulated controllers. Further, the
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accuracy of the simulation can be determined based on the difference in the experimental
coordinated demonstration and the simulated coordinated controller.

The coordinated experimental results and simulations for the high variability day are shown in
Figure 18. On this particular day, some battery cells experienced (typically rare) over-voltage
errors because of extremely large PV power ramp rates. The first over-voltage error shut down
the battery at 10:13 (eventually reset at 10:46 AM) and the 2" one occurred during the large PV
ramp at 12:20 PM (but was reset within 5 minutes). For the remainder of the day, there were
other faults, but these were corrected in less than 1 minute.
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Figure 18: Experimental coordinated control results compared to simulations of the
coordinated and independent controls.

For this particular day, the SOC range of the coordinated controller was larger than the
uncoordinated controller because the high variability of the irradiance did not allow the GE to
return to Pge nom. The effect can be seen in Figure 19, where Pge remains above zero for an
extended period and therefore the battery error (i.e., Peror — Pce) IS biased negative and the
coordinated Pp,; is more negative (charging) than Ppy for the uncoordinated controller. This
results in the SOC for the coordinated controller increasing more over that time period than the
uncoordinated controller.

30



PV Power, Smoothing Target from the Low Pass Filter, and Total Output Power
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Figure 19: A close up of the results for Oct 25" in Figure 18.

The SOC range on the high variability day was larger with the coordinated control than
uncoordinated because Pge remained positive for a long period which biased Py negative.
However, the total battery power throughput (charged or discharged) was reduced with the
coordinated controller. To illustrate these effects in high variability situation two PV power
profiles were simulated with the controllers. Each profile was a 400 kW amplitude square wave,
but the first one (shown in Figure 20) has a period of 800 seconds, whereas the second profile
(Figure 21) has a period of 120 seconds.

In the case of the square wave with a longer period, the battery nearly recovers to Pge_nom before
the next step change occurs, so there is only a small amount of time that the Ppy and Pge have
different signs. When Py4 and Pge have different signs the coordinated controller works harder
to make up for the GE power to reach Psmooth.  This is shown in lower plot of Figure 20(a) where
the blue area shows times where the battery is helped by the GE. The red region is the time
period where Pge and Py have different signs and the battery is working harder with the
coordinated controller. In these simulated results, the battery power, Ppy, is assumed to be the
same as the error signal reaching the battery (Perror - Pee). This ignores the small signal returning
the battery to SOC. In the Figure 20(b), a longer duration of the square wave is plotted and the
SOC range is shown in the lowest plot. In this case, since the Pge is operating around zero, the
coordinated control reduces the SOC range utilized by the battery to reach the Pgmootn target.

With the higher variability (smaller square wave period) simulation in Figure 21, the GE does
not help the battery as much as in Figure 20. In fact, the battery is fighting the GE (i.e. they have
different signs) nearly half the time so the total energy passing through the battery is nearly the
same with the coordinated and uncoordinated control, because the red and blue areas are nearly
the same in the lower plot of Figure 21(a) and middle plot of Figure 21(b). Although, there is no
irradiance profile that would result in the coordinated battery energy throughput being larger
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than the uncoordinated control. In this simulation there is another difficulty with the coordinated
control however. The GE is operating below zero for the majority of the simulation, S0 Ppy is
more positive (discharging) with the coordinated control methodology, and therefore the SOC
range of the battery is biased negatively, as shown in the lower plot of Figure 21(b). This leads
to a much larger SOC usage with the coordinated control compared to the uncoordinated control.
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Figure 20: Example irradiance profile where the battery throughput and SOC range is
reduced with the coordinated control.
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This method
results indicate the total wear on the battery, as predicted by amp-hour throughput, is reduced
with the coordinated control, illustrated in the lowest plot in Figure 22. The simulated error
reaching the battery was compared to the experimental, in Figure 23. It appears the GE is

Comparison of the battery SOC between coordinated and uncoordinated controls.

: Example irradiance profile where the battery throughput is reduced but the
SOC range with the coordinated control.

of analysis was applied to the results of the high variability test day. The simulation
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slower, has more hysteresis, or cannot hit the same setpoint as in the simulations because the
battery operational energy usage is only improved by 24.88 kWh in the experiment—compared
to a theoretical 60.17 kWh in the simulated results—when switching to the coordinated
controller.
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Figure 22: High Ppy variability demonstration day with the simulated difference in total
battery power throughput for the two controls shown in the lowest plot.
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5. CONCLUSIONS

Previously, simulations of PV power smoothing control strategies at Prosperity and Mesa Del
Sol were performed in MATLAB/Simulink to demonstrate that using traditional energy sources,
in addition to a battery provides a number of benefits, including longer battery life and smaller
required battery capacity. These controllers were demonstrated in the field with a 500 kW PV
system, 500 kW lead acid smoothing battery, and a 240 kW gas engine-generator. In order to
perform the tests, communications were established between the Battery Energy Storage System
(BESS) and the Building Energy Management System (BEMS) at the MdS Aperture Center with
OSlsoft PI historians through a PI-to-PI tag exchange. This method of communicating was
difficult because there are a number of exception and compression settings on the data prior to
being stored on the servers. Historians are not designed for real-time control with sub-1 sec
updates because of these issues.

Two demonstrations were conducted with the Prosperity and MdS hardware. The first ran the
coordinated and uncoordinated controls with the same artificial PV power variability—
established by disconnecting a portion of the PV array at specific times during the day. The
results from this test indicated that the coordinated control would reduce the battery SOC range
and extend the battery lifetime while still smoothing the PV power output. These results showed
reasonable agreement with the simulations when the initial test conditions and communications
were setup correctly; although, the magnitude of the benefits (SOC range reduction and battery
energy throughput) were not as significant as in the simulations.

The 2" demonstration was to compare coordinated and independent simulations to the results of
the coordinated controller during a day with high PV variability. The results indicated that the
battery throughput was reduced but the coordinated control actually utilized a greater portion of
the battery SOC range. This effect was studied with a number of simulations and it was found
that in cases of high variability the GE can remain above or below Pgg nom for long periods of
time, thereby biasing Ppy, and resulting in a large SOC range with the coordinated controller.
This was not seen in the previous simulations, but it is believed that incorporating a better return-
t0-Pge_nom control mechanism (e.g. large Kge gain), the SOC range with the coordinated control
can be better maintained.
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