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4.0  Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. The test results documented in this report define the characteristics of the test article 
as configured and under the conditions tested. The U. S. Government, its agencies, and its 
employees do not make any warranty, express or implied, or assume any legal liability or 
responsibility for the usefulness of any information, apparatus, product, or process disclosed, or 
represent that its use would not infringe privately owned rights. They also do not assume legal 
liability or responsibility for the performance of the test article or any similarly named article 
when tested under other conditions or using different test procedures. 
 
Neither Midwest Research Institute nor the U. S. Government shall be liable for special, 
consequential, or incidental damages. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favor by the U.S. Government or any 
agency thereof. The views and opinions of the authors expressed herein do not necessarily state or 
reflect those of the U.S. Government or any agency thereof. 
  
The National Renewable Energy Laboratory (NREL) is a national laboratory of the U. S. 
Department of Energy; as an adjunct of the U. S. Government, it cannot certify wind turbines. 
The information in this report is limited to NREL’s knowledge and understanding as of this date.  
 
5.0  Background of Wind-Diesel Inverters 
  
Wind-diesel systems have been used for remote power for many years in various configurations.  
Most of the wind-diesel systems to date have been based on a system design that uses small wind 
turbines (1-10 kilowatts, or kWs) connected to a DC bus. These systems can use inverter 
controllers that are designed for photovoltaic (PV) systems because the inverter design is similar 
for the two technologies. However, larger AC wind turbines (50-150 kWs) are significantly 
cheaper than small DC wind turbines (and much cheaper than PV systems) on an installed-
kilowatt basis and are better matched to many remote off-grid energy requirements, such as 
village electrification. Because of these advantages, the use of larger wind turbines in wind-diesel 
systems is advantageous. 
 
Converters are a key component in hybrid power systems. To date, wind-diesel hybrid power 
systems in the 50-150 kW size range have relied on rotary converters (i.e., a DC machine coupled 
directly to an AC synchronous generator) for power conversion. These systems are cheaper and 
have been more easily maintained in remote areas. However, these systems operate at lower 
efficiencies than solid-state inverters. The recent advances in power electronics in the past decade 
and the subsequent reduction in cost and increase in reliability make solid-state inverters a logical 
converter option for future wind-diesel systems.   
 
6.0  Project Approach 
 
Several issues must be addressed before solid-state inverters can be used in wind-diesel systems 
with larger wind turbines. This project addresses those issues by using a commercial hybrid 
inverter designed for PV-diesel systems and modifying the inverter for use with an AC induction 
wind turbine. Another approach would have entailed building an inverter specifically for use with 
an AC induction wind turbine, but that was beyond the scope of this project. 
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The inverter chosen for this project was a Xantrex HY-100, an inverter designed for PV 
systems. The unit consists of an inverter/rectifier bridge, a generator interface contactor, a 
battery charge controller, a hybrid controller, and the associated control electronics. 
Details of the inverter may be found in Appendix A. 
 
A twofold approach was taken to integrating the existing inverter for use with an AC induction 
wind turbine: 1) development of a detailed model to model both steady-state and transient 
behavior of the system, and 2) modification and testing of the inverter with an induction wind 
turbine based on the modeling results. This report describes these two tasks. 
 
7.0  Modeling Approach 
 
Two models were written for the wind-diesel inverter system, the MATLAB NREL Modified 
Inverter Dynamic Model and the Modified Inverter Transient Model. The models were developed 
by Xantrex (formerly Trace Technologies) and NREL to model the system with an induction 
wind turbine and a dump load and to determine any needed modifications to the system 
controller.   
 
The dynamic model is based on an energy balance among a wind turbine, inverter/battery, diesel 
generator, grid load, and dump load. Logic for transitioning between states is computed by the 
MATRIX logic function (see Appendix B for a complete model description). The MATRIX uses 
filtered/averaged values for battery state of charge (SOC) and net load demand to determine 
which operating state should be requested. The battery’s SOC is related to the battery’s voltage 
and the grid’s net load demand and is defined as grid load minus wind turbine output in kilowatts. 
 
The transient model uses a MATLAB Simulink program to model the various system components 
and characterize the transient response of the system to variables such as voltage and frequency 
response to large shifts in dump load or grid power. A detailed description of the model may be 
found in Appendix B.   
 
8.0  Inverter Development 
 
8.1 Inverter Description  
 
The inverter may operate with a diesel generator (as a current source) or in stand-alone mode (as 
a voltage source), and it can charge batteries with the diesel generator or excess energy from the 
wind turbine generator, which in this case is an Atlantic Orient Corporation (AOC) 15/50 wind 
turbine or a 65-kW wind turbine simulator. The inverter is able to instantaneously control power 
flows between the AC and DC bus. A state diagram of the inverter developed by Xantrex 
technologies is shown in Figure 1.  
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Figure 2. Wind-diesel hybrid system schematic. 

 
8.2 Control Algorithms 
 
Control algorithms that provided for robust operation under all possible conditions were written 
for the inverter controller. The basic inverter control algorithm is for operation of the inverter in a 
battery-charging configuration with an AC-connected wind turbine with 1) diesel connected or 2) 
diesel not connected. Additional control algorithms also include high-speed switching of a binary 
step dump load to control excess power flows from the wind turbine. The system was designed 
for a wind turbine with instantaneous power output (1-second average) from 0-85 kWs, typical of 
an AOC 15/50. The inverter, which was connected to a 90-kW binary step dump load, supplied 
control signals (3-32 VDC) to control the zero crossing solid-state switches for the dump load 
elements.  
 
The inverter control algorithms were designed for operation under the following conditions: 
 

• No diesel gensets online — Wind turbine generator (WTG) power output from 0-85 
kWs with the WTG or batteries supplying load (depending on the “village” load and 
the WTG power output; i.e., net load) and the WTG charging the batteries when the 
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WTG power is greater than load. AC dump load is used for dissipation of excess 
power and to limit battery-charging current when the batteries are full. 

• Diesel gensets online — The inverter operates in parallel with diesel gensets and the 
WTG; the diesel follows the load and the WTG power is used to charge the batteries 
or is dissipated by the dump load when the batteries are fully charged. During periods 
of no wind, the diesel may also charge the batteries. 

• Control algorithms were designed to instantaneously shift power bi-directionally 
from the DC to AC bus. 

 
The transition from diesel-on mode to diesel-off mode and vice versa is an important state 
transition that is controlled by the hybrid system controller and based on battery state of charge 
and net load (i.e., village load minus wind turbine output), as shown in Figure 3. A minimum load 
of about 10 kW is always kept on the diesel generator to prevent running the generator under a 
no-load condition. The maximum operating efficiency of the generator is at 80% or higher load. 
When the net load is low, the system transitions to a diesel-off state at a user-selected battery 
voltage so as to maximize wind turbine energy capture to the system. When the net load is high 
and the battery voltage is low, the system transitions to the diesel-on state so that the load can be 
met and the batteries charged. The specific parameters for the “matrix” shown in Figure 3 (see 
Appendix B) would vary depending on the type of battery bank. 
 
 
 

Battery State of Charge (SOC)

Net 
Load* 

Min Gen Load Level

Max Gen Operating Efficiency

Gen 
Operation
Required

* Note:  Net Load is Defined as Net Grid Load - Wind Turbine Energy
(excluding dump load, generator and inverter loads) 

0 0 + 

+ 

 
 

Figure 3. Dispatch matrix zones.  
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The top-level dispatch logic of the system can be found in Appendix B in the Matlab Simulink 
model. A key component of the dispatch logic is shown in Figure 4. The dispatch logic shows the 
control of the state transition from diesel-on mode to diesel-off mode or vice versa, depending on 
the battery SOC and the net load. The dispatch logic calls on the matrix tables (found in 
Appendix B and exemplified by the dispatch zones in Figure 3). Provisions were made for 
expanding the dispatch logic to include the rate of change of wind turbine power and net load. 
 

MATRIX
Genon

MATRIX
Genoff

Selection
Logic

MATRIX
WTrate

Rate Change
Average

Filter, Avg &
Hysteresis

Goal
State

Rate Change
Average

+
+

+
+

Battery
SOC

Net
Load

Wind
Turbine
Power

Gen
On/Off
Status

Not Required* at this Time

Filter &
Hysteresis

Not Required* at this Time

* Functionality Not Implemented
into Inverter Software  

Figure 4. Top-level dispatch logic. 

 
The charging algorithm is designed such that any energy produced in excess of the load is 
directed to the battery bank until the battery bank voltage reaches the dump-load-enable set point 
(Max_Bat_Hi). Once this set point is reached, the dump load is used to limit the charge current.  
The actual charge current during the finish charge stage is determined by the finish charge start 
and end voltage set points and the start and end charge current set points.   
 
The converter control algorithms were developed based on the MATLAB Simulink model and 
the description above. This control logic was incorporated into a new revision of the HY-100 
controller code by Xantrex engineers for testing at the National Wind Technology Center 
(NWTC). This code operated at the topmost level of the control code and did not run at the faster 
inner-loop control code that controlled parameters such as inverter frequency and voltage. The 
latest code revision for the hybrid controller code was NREL Tag revision 13. 
 
9.0  Testing of the Modified Inverter 
 
9.1 Hybrid Power Test Bed 
 
Testing of the modified inverter was conducted at the NWTC’s Hybrid Power Test Bed (HPTB).  
The HPTB is a multi-purpose test facility that combines a state-of-the-art Labview data 
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acquisition system with a switch panel that can easily switch in different “devices,” such as wind 
turbines, inverters, batteries, and load banks. A schematic of the HPTB test configuration for the 
Xantrex inverter testing is shown in Figure 5. All data sampling was conducted at 600 Hz, and the 
data averaging time is two seconds unless noted differently. 

 
Figure 5. Hybrid Power Test Bed (HPTB) configuration. 
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9.2 Test Procedure 
 
The testing goal for the Xantrex inverter was to conduct both dynamic and transient testing with 
the wind turbine or wind turbine simulator to verify that the inverter can handle expected 
conditions during operation. Due to unavailability of the AOC wind turbine, testing was 
conducted primarily with the AC source simulator. Testing with the AOC 15/50 was limited to 
wind turbine start-up tests and some steady-state tests.   
 
The results of the test, along with the test procedures, may be found in Appendix C. A summary 
of the tests is contained in the rest of this section. 
 
9.3 Functionality Checks 
 
Before running the tests, functionality checks were conducted to verify proper inverter operation 
and state transition for steady- and quasi-steady-state operation. These checks verified that the 
system operated the way the hybrid controller intended it to operate, and any shortcomings were 
noted. Although many of these checks had been performed on previous software revisions for the 
hybrid controller, these checks were necessary to benchmark the latest revision of the software 
code. Before starting the test, all inverter settings were confirmed on the inverter and recorded. 
Details of the functionality tests may be found in Appendix C. 
 
9.4 Test Results with AC Source Simulator 
 
The AC source simulator is a variable-speed drive that is connected to a nominal 60-kW 
induction generator that has a soft start connected in series. It is controlled via the HPTB’s 
Labview system. Control features include power setting and rate of power change.  
 
The purpose of the testing with the AC source simulator was to verify that the inverter operated 
according to the control algorithms described in Section 8.2. This included verifying state 
transitions, with emphasis on transition from inverter state to charge and vice versa, as well as the 
battery charging algorithms. In addition, the system was tripped for special transient events such 
as the wind turbine “tripping” off-line at rated power. Because there is a limitation on the ramp 
rate for the power during contact closure, the AC source simulator could not “simulate” a hard 
start representative of an actual AC induction wind turbine.   
 
The test setup for the AC Source Simulator can be seen in Figure 5. The test results are 
summarized in Appendix C, including time series plots from screen dumps for some of the tests. 
 
9.5 Testing with the AOC 15/50 Wind Turbine 
 
The purpose of this testing was to verify that the AOC 15/50 soft start was operational with the 
Xantrex inverter and that the inverter could bring the AOC 15/50 on to the grid without faulting 
the inverter or over-speeding the turbine. In addition, longer-term steady-state testing was 
conducted to verify that the system operated as designed. 
 
Start-up testing was conducted to verify that the inverter could start the AOC 15/50 wind turbine.  
The inverter did start the AOC 15/50 several times; however, the test was not repeatable, and 
many times the AOC did not start successfully with the inverter but instead faulted on an over-
speed condition. Changes were made to the AOC soft start to change the rate at which the soft 



 11

start would ramp the current and voltage, but an acceptable solution was not obtained. A solution 
that would allow the inverter to start the AOC reliably with the existing soft start is possible, but 
it would require further changes to the soft start and further testing, which is not possible under 
the scope of this project. 
 
Once the AOC 15/50 turbine was online, the system ran without fault. Total run time with the 
AOC online was in excess of 80 hours, with much of the time in high winds (winds greater than 
12 m/s), with good transitions between diesel-on mode and diesel-off mode.   
 
10.0 Summary of Inverter Testing 
 
Modifications were made to the TRACE HY-100 inverter to allow it to operate in a wind-diesel 
configuration with an induction wind turbine generator on the AC bus. The modifications 
included addition of a dump load to the system and modifications to the controller software to 
allow for battery charging and regulation of the system with the system operating with the wind 
turbine in both diesel-on and diesel-off modes (i.e., charge mode and inverter mode). 
 
Testing was conducted to validate the modeling of the system and to verify operation with an 
actual wind turbine, including start-up with the AOC 15/50 wind turbine. The results of the 
testing were positive in that the inverter operated as designed with the wind turbine.   
 
One shortcoming from the testing was that the inverter was not always able to start the AOC 
15/50 wind turbine. Adjustments to the soft start of the AOC 15/50 wind turbine and further 
testing with the inverter would likely enable the inverter to start the AOC 15/50 wind turbine, but 
this work was not possible under the scope of this project. 
 
A problem to be addressed in the future is the leading power factor for the inverter. When the 
inverter is used to power a mini-grid that has more than 15kVARs leading, it enters a state 
characterized by extreme harmonic distortion before faulting (approximately 10 seconds). This is 
a problem when certain loads have power factor correction capacitors that are always in the 
circuit, such as wind turbines with soft starts. This problem would need to be addressed through 
future work but does not appear to be a major impediment to the use of solid-state inverters with 
AC induction wind turbines in wind-diesel applications. 
 
One drawback to the inverter is the standing losses. The standing losses, or “parasitic losses,” can 
be as high as 3 kWs and should be included in any design for a wind-diesel system. Any attempts 
to use inverters of this topology in the future for wind-diesel systems should seek to reduce the 
standing losses of the inverter. One of the benefits that should be realized by a solid-state inverter 
as compared to a rotary converter for a wind-diesel system is higher efficiency, but the standing 
losses of the inverter prevent this. 
 
Parallel operation of the inverter with a diesel generator was examined at the end of the project. 
This would allow the system to meet a load equal to the maximum power of the inverter plus the 
maximum power of the diesel, thereby increasing the capacity of the wind-diesel system. A 
description of this analysis is contained in Appendix D. 
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Appendix A: Xantrex HY-100 Inverter Description 
 
The modified PPU will be a self-contained unit consisting of an inverter/rectifier bridge, 
a generator interface contactor, a diversion load controller, a battery charge controller, 
and their associated control electronics. 
 
Inverter/Rectifier Bridge 
 
Type: Three-phase, bi-directional, voltage-fed bridge converter 

Switching Device: 1GBT, 1200V/600A rating 

Switching Frequency: 10 kHz 

DC Link Voltage: 420 VDC (regulated) 

Nominal AC Output/Input Voltage: 208 VAC, three-phase, three-wire 

Nominal AC Output Frequency: 60 Hz 

Continuous kVa @ 208 VAC 

Surge Capability: 150% of continuous rating for 10 seconds 

Load Power Factor: 0 lagging to 0 leading 

Hardware-Based Protection 

Voltage Transient: MOV-type surge arrestor, 650V MCOV, 20 kA surge 
current (8x20us) capability, ANSI/IEEE C62.41 Category C 
 
Short Circuit: Current-limiting semiconductor fuses, 300 A continuous, 
200kA interrupting capacity 
 
Generator Interface  
 
Contactor Rating: 100 kVA @ 208 VAC (300 A continuous) 
 
Start/Stop Relay: Normally open contact rated 12 amps @ 480 volts 
 
Disconnects: 600 VAC, 400 A, three-pole load-break disconnect switches for generator input and 
output located in enclosure mounted on side of PPU enclosure 
 
Bypass: 600 VAC, 400 A, three-pole load-break disconnect switch for bypass of PPU in common 
enclosure with generator disconnects  
 
Battery Charge Controller 
 
Type: Bi-directional, current regulated, DC-DC buck and boost converter 
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Switching Device: IGBT, 1200V/600A rating 

Switching Frequency: 10 kHz 

Nominal Battery Voltage: 228 VDC 

Maximum Equalizing Voltage: Field settable to 300 VDC 

Low Voltage Cutoff: 200 VDC (1.75 VPC) 

Battery Manual Disconnect Switch: 440 VDC, 600 A, three pole, load break disconnect switch 
 
Operator Interface 
 
LCD/Keypad: Piezoelectric keypad and two-line LCD display located on door of enclosure 
 
Enable/Disable Switch: Keypad enable/disable switch located on door of enclosure 
 
E-Stop: Maintained-position, mushroom head emergency stop button located on door of 
enclosure 
 
Control States 
 
The PPU shall be a state-controlled machine with clearly defined valid states and state transitions 
for each of the PPU components. Except during state transitions, the PPU shall always reside in 
one of five states, as described below. 
 
Inverter State 

- Inverter/rectifier bridge regulates AC line voltage 
- Generator off-line 
- Inverter controls diversion load to limit battery charge current 
- Battery charge controller regulates DC bus 

 
Generator Support State 

- Generator online, regulating AC voltage 
- Inverter/rectifier bridge regulates DC bus 
- Battery charge controller regulates generator load current (including support of 

generator in AC-current regulation mode if load exceeds generator rating. Generator 
support refers to current flow from the PPU to the grid should the load power exceed 
the generator power rating.) 

- Inverter controls diversion load to limit battery charge current 
 

Equalize State 
- Generator online 
- Inverter/rectifier bridge regulates DC bus 
- Equalize can be set for Manual or Automatic Mode 
- Automatic Equalize will occur at a field-settable interval of 1 to 100 days 
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Generator Only State 
- Generator online 
- Inverter/rectifier bridge, battery charge controller and diversion load control disabled 

 
Blackout State 

- Generator and wind turbine offline 
- Inverter/rectifier bridge, battery charge controller and diversion load control disabled 

 
Inverter/Rectifier Bridge Control 
 
Inverter State Control Method: Current-regulated pulse-width-modulation (PWM), with AC line 
voltage outer control loop; voltage references generated by embedded controller 
 
Generator Support and Equalize State Control Method: Current-regulated, sinusoidal PWM, with 
DC bus voltage outer control loop; current references derived from generator voltages 
 
Battery Charge Controller Control 
 
Inverter State Control Method: Current-regulated PWM, with DC bus voltage outer control loop 
 
Generator Support Control Method: Current-regulated PWM, with battery voltage and generator 
current outer control loops; all charge algorithm set points field settable 
 
Equalize State Control Method: Current-regulated PWM, with battery voltage outer control loop; 
all equalize algorithm set points field settable   
 
Generator Start Voltage: Field settable from 0 to 350 volts, with field-settable current and 
temperature compensation factors 
 
Charge Voltage: Field settable from 0 to 350 volts, with field-settable current and temperature 
compensation factors 
 
Low Voltage Discharge Cutoff: Field-settable from 0 to 350 with field-settable current 
compensation factor 
 
Equalization Voltage: Field-settable from 0 to 350 volts with field-settable current compensation 
factor 
 
Equalization Timer: Field-settable from 0 to 168 hours 
 
Equalization Interval: Field-settable from 1 to 100 days 
 
Generator Interface Control 
 
Warm-Up Time Delay: Field-settable from 0 to 20 minutes 
 
Cool-Down Time Delay: Field-settable from 0 to 20 minutes 
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Instrumentation 
 
Instrumented Parameters: The following parameters shall be available through the operator 
interface LCD and transmitted to the optional DAS. Instrument error shall not exceed 2.5% of 
full-scale values, unless otherwise noted. 
 

Inverter Voltage Generator Voltage 
Inverter Current Generator Current 
Inverter Real Power Generator Frequency 
Inverter Reactive Power Generator Real Power 
Inverter Frequency Generator Reactive Power 
Battery Voltage Alarm Codes 
Battery Current Heat Sink Temperature 
Battery Power Operating State 

 
Communication Medium: Fiber-optic pair; fiber ports provided on PPU embedded controller 

 
Communication Medium: Fiber-optic pair; fiber ports provided on PPU embedded controller 

 
Communication Protocol: Supplied by subcontractor 
 
Self-Protection, Fault Detection, and Alarms 
 

 Embedded controller algorithms will include the following fault detectors. All faults are latching 
and result in an automatic transition to a fault state. If the generator is operating at the time of the 
fault, the generator start-stop contact and generator contactor will remain closed. If the generator 
is not operating, the start/stop contact and generator contactor will close. Upon clearance of the 
fault from either the operator interface or the optional DAS, the PPU will transition to either the 
Generator Only or Blackout state, depending on the operating state of the generator. 
 

Fault User Settable? Setpoint Range 
Serial communication timeout No N/A 
Interrupt timeout No N/A 
Matrix control failure No N/A 
State machine failure No N/A 
Bus precharge fault No N/A 
Bus regulation fault No N/A 
DC bus overvoltage No N/A 
DC bus undervoltage No N/A 
Gate drive fault No N/A 
Matrix overtemperature No N/A 
Magnetics overtemperature No N/A 
DC ground fault Yes 0 to 100 A 
Emergency stop No N/A 
Key switch No N/A 
Door interlock No N/A 
Battery overvoltage No N/A 
Battery overcurrent No N/A 
Battery low voltage disconnect Yes 0 to 350 V 
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Inverter overvoltage Yes 208 to 250 V; 0 to 10 sec 
Inverter undervoltage Yes 166 to 208 V; 0 to 10 sec 
Inverter overfrequency Yes 60 to 65 Hz; 0 to 10 sec 
Inverter underfrequency Yes 55 to 60 Hz; 0 to 10 sec 
Inverter overcurrent No N/A 
Generator overvoltage Yes Same as inverter 
Generator undervoltage Yes Same as inverter 
Generator overfrequency Yes Same as inverter 
Generator underfrequency Yes Same as inverter 

 
 
Performance Specifications 
 
EMI/RFI Emissions: Not to exceed FCC Part 15 Rules for Class A device 

 
Efficiency (exclusive of transformer losses): > 94% 

 
Voltage Regulations: " 5% of nominal, phase-to-phase 

 
Frequency Regulation: " 0.5 Hz of nominal 

 
Voltage Distortion: Less than 5% THD under linear load 

 
Battery Voltage Ripple: 5 V maximum (2% of nominal battery voltage) 
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Appendix B: MATLAB Dynamic and Transient Wind-Diesel 
Models 
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Appendix C: Inverter Test Results 
 
Functionality Checks 
 
Before running the tests, functionality checks were conducted to verify proper inverter operation 
and state transition for steady- and quasi-steady-state operation. These checks verified that the 
system operated the way the hybrid controller intended it to and allowed any shortcomings to be 
noted. Although many of these checks had been performed on previous software revisions for the 
hybrid controller, these checks were necessary to benchmark the latest revision of the software 
code. Before starting the test, all inverter settings were confirmed on the inverter and recorded. 
Table 1 shows a listing of the inverter set points. Table 2 lists the functionality checks performed. 
 

Table 1.  Inverter Settings (Latest Code revision is Tag File rev 13) 
 
Parameter Name* Value Units Description 

 
gen_warmup_time 15 sec Generator warm-up time during start-up 
MAX_BAT_HIGH 265 VDC Max battery voltage for turning ON min dump load 
MAX_BAT_LOW 257 VDC Min battery voltage for turning OFF min dump load 
MAX_ERR_DUMP_OF
F 

-20 units Inv/gen load level at which the dump function is 
turned OFF 

DUMP_INC_GAIN 50 units Dump load integrator increase error gain 
DUMP_DECR_GAIN 30 units Dump load integrator decrease error gain 
GEN_DUMP_MIN 15 kW Trickle charge level after Max Bat High Voltage was 

reached 
INV_DUMP_MIN 35 kW Inverter min load level when battery is fully charged 
DUMP_RATE_MAX 30 kW/sec Dump load max rate of change 
DUMP_RATE_MIN 30 kW/sec Dump load min rate of change 
DUMP_PERR_MAX 10 kW Dump load proportional error offset 
DUMP_PERR_GAIN 30 units Dump load proportional error gain 
DUMP_IERR_MIN 0 Kw Dump load min setting 

 

*Parameter name may not imply the function, as in the case of GEN_DUMP_MIN. 
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Table 2.  Functionality Checks Performed 

 
 

Functionality 
Check 

HCU State Description 

Generator 
Min Load 

Shutdown 
and Charge 

Verify generator minimum load is 10 kWs when village load is taken off system, 
add load back in 2-kW increments, and verify that min load = 10 kWs 

Result: Function confirmed 

State 
Transition 
from Inv. To 
Charge 

Inv-Charge Verify state transition with and without AC Source Sim running 

Result: Transition confirmed both with and without AC Source Sim running 

State 
Transition 
from Charge 
to Inverter 

Charge-Inv Verify state transition with and without AC Source Sim running 

Result: Transition confirmed both with and without AC Source Sim running 

Battery 
Charging 
Algorithm 

Charge and 
Inv 

Verify that battery-charging algorithm works with diesel and with AC Source Sim 
(i.e., diesel-on and diesel-off modes). Verify that dump load absorbs all excess 
power at Max Bat High setting above Gen Dump Min setting. Verify that hysterisis 
works and that batteries start charging when voltage drops below Max Bat Low 
(both diesel-on and diesel-off modes)   

Result: Charging algorithm verified 

Dump Load Inv Verify that dump load absorbs all excess power when battery voltage is greater 
than Max Bat High and AC Source SIM is running 

Result: Functionality of dump load verified 

Transition to 
Shutdown on 
Inverter Fault 

Inv-
Shutdown 

In inverter mode, disconnect batteries (DC bus) and verify that inverter transitions 
to shutdown mode and that diesel starts and connects to village load 

Result: Function verified 

Gen Dump 
Min 

Inv Verify that Gen Dump Min setting equals charging power to batteries when 
batteries are fully charged (i.e., trickle charge) 

Result: Function verified 
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1.1 Test Results with AC Source Simulator 
 
The testing described in this section was conducted with the AC source simulator. The AC source 
simulator is a variable-speed drive that is connected to a nominal 60-kW induction generator that 
has a soft start connected in series. The test setup can be seen in Figure 5 in the main body of the 
report. 
 
Note:  All figures are “screen dumps” from the data acquisition system and as such, the units 
could not be put on the axis. The x-axis units are the time period in minutes, and the y-axis units 
are referenced in the figure title. 
 
1.1.1. Test: Village Load Step Changes: Adding Load  
  
Purpose:  Determine the largest step load using the village load simulator that the system can 
handle both with and without the diesel generator and with and without the AC Source Simulator 
(AC SIM). Figure 6 is a time series plot demonstrating a typical load profile for this testing. 
 
 

  
 

Figure 6. Village load (kW). 

  
1. Methodology:  Gen Only State: starting with a 0-kW Village Load (VL), increase the 

load stepwise on the VL to 20 kW. Repeat at 30, 40, 50, 60, and 70 kWs as appropriate 
(stop incrementing load at first fault for tests 1-14). Repeat test with a VL power factor of 
0.5. 
Result: No faults to 70 kWs. Same test results with the VL power factor set at 0.5. 
 

2.  Methodology: Repeat #1 in Charge State with AC SIM = 0 kWs; up to 70 kWs VL.  
Repeat test with a VL power factor of 0.5.    
Result:  No faults to 80 kWs. With the power factor set at 0.5, there were no faults to 70 
kWs. 

 
3.  Methodology: Repeat #1 in Charge State with AC SIM = 10 kWs; up to 80 kWs VL.  

Repeat test with a VL power factor of 0.5.    
Result:  No faults to 80 kWs. Tests began at 20 kW because it was the minimum stable 
village load. Same results with the VL power factor set at 0.5. 

 
4.  Methodology: Repeat #1 in Charge State with AC SIM = 56 kWs; up to 100 kWs VL.  

Repeat test with a VL power factor of 0.5.    
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Result:  No faults to 60 kWs. With a VL power factor at 0.5, the inverter was stable to 60 
kWs; it faulted at 80 kWs due to low inverter frequency.  
 

5.  Methodology:  Repeat #1 in Inverter State up to 100 kWs w/no AC SIM. Repeat test with 
a VL power factor of 0.5.    
Result:  Fault at 60 kWs because the inverter frequency was too low. With VL power 
factor at 0.5, the inverter was stable to 58 kWs and then faulted because the inverter 
frequency was too low. 
  

6.  Methodology:  Repeat #1 in Inverter State up to 100 kWs w/no AC SIM. Repeat test with 
a VL power factor of 0.5.    
Result: Fault at 100 kWs, inverter frequency too low. System was able to function under 
an 80-kW load. With a VL power factor at 0.5, the inverter was stable to 60 kWs; it 
faulted at 80 kWs due to low inverter frequency. 
   

7. Methodology: Repeat in Inverter State up to 100 kWs with AC SIM = 65 kWs. Repeat 
test with a VL power factor of 0.5.    
Result: No faults to 100 kWs. Same result with the VL power factor set at 0.5. 
 
 

1.1.2 Test: Village Load Step Changes: Decreasing Load  
  
Purpose: Determine the largest step load that the system can handle in both diesel-on and diesel-
off modes (also with and without the AC SIM). Figure 7 shows a time series plot demonstrating a 
typical decreasing load pattern used during the tests.  
 
 

 
   

Figure 7. Village load (kW). 

 
1. Methodology:  Gen Only State: starting with a 75-kW VL, put a step load decrease on the 

VL of 20 kW. Repeat at 30, 40, 50, 60, and 70 kWs as appropriate (stop decreasing load 
at first fault). Repeat test with a VL power factor of 0.5.    
Result:  No faults up to the 70-kW starting point. Same results with the VL power factor 
set at 0.5. 70 kWs was the highest VL that the diesel generator could handle. 

  
2. Methodology: Repeat #1 in Charge State with AC SIM = 0 kWs;  up to 70 kWs VL.  

Repeat test with a VL power factor of 0.5.    
Result: No faults to 70 kWs. Same results with the VL power factor set at 0.5. 
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3. Methodology: Repeat #1 in Charge State with AC SIM = 10 kWs; up to 90 kWs VL.  

Repeat test with a VL power factor of 0.5.    
Result:  No faults to 90 kWs. With VL power factor at 0.5, the inverter had no faults to 
80 kWs. At 80 kWs, the inverter was unstable (high harmonic distortion in the current 
waveform). 
 

4.  Methodology: Repeat #1 in Charge State with AC SIM = 65 kWs up to 100 kWs VL.  
Repeat test with a VL power factor of 0.5.    
Result: No faults to 100 kWs. Same results with the VL power factor set at 0.5. 
 

5. Methodology: Repeat #1 in Inverter State up to 100 kWs w/no AC SIM and up to 100 
kWs, starting the VL at 95 kWs. Repeat test with a VL power factor of 0.5.    
Result: This test was completed with the modification of the VL starting power. The 
inverter faulted if the test began with a VL higher than 50 kWs. With a VL starting power 
of 50 kWs, there were no faults. 

 
6. Methodology: Repeat in Inverter State up to 100 kWs with AC SIM = 10 kWs, starting 

the VL at 95 kWs. Repeat test with a VL power factor of 0.5.    
Result:  This test was completed up to a 50-kW starting point. That was the maximum 
VL starting point that the system could handle. The AC SIM was unstable but oscillated 
around 10 kWs. With the power factor at 0.5, the AC SIM was not stable enough to 
complete the test. 
 

7. Methodology:  Repeat in Inverter State up to 100 kWs with AC SIM = 65 kWs starting 
the VL at 95 kWs. Repeat test with a VL power factor of 0.5.    
Result: No faults to 100 kWs. 
 

1.1.3  Test: Wind Turbine Trip Offline: Diesel Generator On  
 
Purpose:  Determine the system stability, including dump load response, when an induction wind 
turbine contactor opens at near rated wind turbine power with the diesel generator online. 
 
1. Methodology:  Charge State. With AC SIM = 65 kWs, batteries at low state of charge, 

diesel generator = about 40 kW, VL= 75kWs (this should be the max load the diesel 
generators can handle) @ PF= 1.0, open the wind turbine contactor and record response.  
Vary system settings as required to characterize system response. Verify dump load 
response. 
Result: After the contactor was opened, the diesel generator output increased to 78 kW to 
meet the village load. Dump load never came on during the tests. No faults during the 
test.   
 

2. Methodology: Charge State. With AC SIM = 65 kWs and batteries at high state of 
charge, diesel generator =10 kW (before transition to Inverter State) and DL making up 
the rest of power balance at VL = 0 kW and PF= 1.0, open the wind turbine contactor and 
record response. Vary system settings as required to characterize system response, 
repeating with VL = 5 kW. 
Result:  Tested with both a 0-kW village load and a 5-kW village load. The inverter was 
able to handle the wind turbine dropping off the grid for both tests. When the turbine 
dropped off the grid, the dump load turned off. There were no faults during this test. 
 



 83

 
1.1.4  Test: Wind Turbine Trip Offline: Diesel Generator Off 
 
Purpose: Determine the system stability, including dump load response, when an induction wind 
turbine contactor opens at near rated wind turbine power with the diesel generator offline. 
 
1.  Methodology:  Inverter State. With AC SIM = 65 kWs and VL= 90 kWs at PF = 1.0 and 

batteries at low state of charge, open the wind turbine contactor and record response.  
Vary system settings as required to characterize system response. Try test with lower PF 
on VL. Repeat test with VL at 5 kWs. 
Result: Inverter faulted at village loads of 5, 50, and 60 kWs (power factor of 1). With 
the diesel generator off, the batteries need to pick up the load; however, they were unable 
to support the change in load while at a low state of charge.   
 

2. Methodology:  Inverter State. With AC SIM = 65 kWs and VL= 80 kWs at PF = 1.0 and 
batteries at high state of charge, open the wind turbine contactor and record response.  
Vary system settings as required to characterize system response. Repeat test with lower 
PF on VL. Repeat test with VL at 5 kWs. 
Result: Inverter faulted at village loads of 60 and 80 kWs with power factors of both 1 
and 0.5. With a VL of 5 kWs, the inverter didn’t fault.   
 

1.1.5  Test: Battery Charging 
 
Purpose: Verify battery charging algorithm at Max Bat High and Low set points and at Inv Dump 
Min and Gen Dump Min levels.   
 
Background: The set points associated with the battery charging algorithm are Max Batt High, 
Max Batt Low, Inv Dump Min, and Gen Dump Min. In the inverter state, the charging algorithm 
allows the batteries to be charged at any charging rate until the battery bank reaches Max Batt 
High. Once the battery voltage reaches the Max Batt High set point (in this case, 265 volts), the 
dump load comes on, taking a percentage of the available charging power. The percentage of 
power dumped is determined by Max Batt Low, Inv Dump Min, and Gen Dump Min.   
 
In the charge state, the batteries are charged until a voltage set point is reached; then the charging 
rate tapers off. The set point name is Battery Charging Voltage. The diesel-charging algorithm 
also incorporates a set point called the Battery Maximum Charging Current, which sets a limit on 
the battery charging current. This set point protects the batteries from charging at too great a 
charging rate. 
 
1.   Methodology:  Verify that battery charging algorithm works with the AC SIM and the 

diesel generator. Verify that dump load absorbs all excess power at Max Bat High above 
Gen Dump Min Setting. Verify that hysterisis works and that batteries start charging 
when voltage drops below Max Bat Low (in both diesel-on and diesel-off modes) and no 
greater than the Inv. Dump Min Level. 
Result:  The battery charging algorithm worked per the control algorithm specification.  
The following charging and discharging processes were confirmed. 1) When the battery 
voltage reached the battery max depth of discharge voltage setting, the inverter shut 
down. 2) The battery charging algorithm was also confirmed. 3) The diesel charging 
algorithm was also verified.   
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Figures 8- 13 show time series plots for the testing. The setting during the following test 
diagrams are Max Batt High 265 volts, Max Batt Low 255 volts, Gen Dump Min 10 kW, 
and Inv Dump Min at 90 kw. 
 

            
Figure 8. Battery voltage (V).                 Figure 9. Village load (kW). 

 

            
        Figure 10. AC SIM power (kW).                     Figure 11. Genset power (kW). 
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Figure 12. Inverter power (kW). Figure 13. Dump load power (kW).  

             
1.1.6  Test: State Transition from Inverter to Charge and from Charge to 
Inverter 
 
Purpose: Verify state transition with and without AC Source Simulator running. 
 
1. Methodology:  Take time series plot of state transition Inverter to Charge and from 

Charge to Inverter with and without AC SIM. 
Result: Figures 14-19 show time series plots of state transitions without the AC SIM 
running. The first transition shows the beginning of the test when the AC SIM is shut 
down and the inverter is put in inverter state. The next transition is from inverter state to 
charge state, followed by charge state to inverter state. At the end of the test, the AC SIM 
was turned on for the following tests with the AC SIM on: 
 

     
             Figure 14. Battery voltage (V).      Figure 15. Village load (kW).  
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Figure 16. AC SIM power (kW).  Figure 17. Genset power (kW). 

 

 
 

                  
   Figure 18. Inverter power (kW).       Figure 19. Dump load power (kW).  

 
Figures 20-25 show time series plots of the tests with the AC SIM running. The tests began at the 
40.00-min time mark when the inverter was put into inverter state. The following transition shows 
the inverter going into charge state. The next transition shows the inverter coming out of charge 
state and into inverter state. The continued increase in voltage is due to the AC SIM continuing to 
charge the batteries in inverter state. 
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Figure 20. DC bus voltage (V).    Figure 21. Village load (kW).  

 

                 
   Figure 22. AC SIM power (kW).       Figure 23. Genset power (kW).  

 

                
   Figure 24. Inverter power (kW).       Figure 25. Dump load power (kW).  
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1.1.7  Test: Transition to Shutdown on Inverter Fault 
 
Purpose:  Verify Gen Only State on inverter fault. 
 
1.  Methodology:  In inverter state, disconnect batteries (DC bus) and verify that inverter 

transitions to Gen Only State and that diesel generator starts and connects to village load. 
Result: This transition was verified. When the batteries were disconnected, the inverter 
went to Gen Only State and the generator came on.   

 
1.2  Testing with the AOC 15/50 Wind Turbine 
 
1.2.1  Test: Wind Turbine Startup at High Power with Diesel 
 
Purpose: Characterize system response to a high wind startup. Note: The AC SIM could not be 
used for this test or the following three tests. The AC SIM ramp up to high power production is 
too slow and therefore cannot characterize a high power. The AOC wind turbine was used, and as 
a result, these tests were dependent on ambient conditions (hence the variation in startup power). 

 
1. Methodology:  Charge State. Start AOC on diesel grid, batteries at low state of charge, 

diesel generator = about 10 kW, VL= 5 kW @ PF= 1.0. Vary system settings as required 
to characterize system response. 
Result: AOC contactor closed with an initial power output of 38 kWs. The dump load 
came on with the AOC and took most of the AOC output power. The diesel generator ran 
unsteadily at low power. No faults during testing. 

 
2. Methodology:  Charge State. Start AOC on diesel grid, batteries at low state of charge, 

diesel generator = about 75 kW, VL= 60 kW@ PF= 1.0. Vary system settings as required 
to characterize system response. 
Result: AOC contactor closed with an initial power output of 40 kWs. No faults. 
 

3. Methodology:  Charge State. Start AOC on diesel grid, batteries at high state of charge 
and dump load absorbing power, diesel generator = about 10 kW, VL= 5 kW @ PF= 1.0.  
Vary system settings as required to characterize system response. Verify dump load 
response. 
Result: The AOC contactor closed at 53 kWs. The dump load was active before and after 
the contactor closed. The system response was that the diesel generator unloaded and ran 
unsteady with output fluctuating between 5 and 13 kWs. 
  

4. Methodology:  Charge State. Start AOC on diesel grid, batteries at high state of charge 
and dump load absorbing power, diesel generator = about 75 kW, VL= 60 kW@ PF= 1.0.  
Vary system settings as required to characterize system response. 
Result: The AOC contactor closed at 44 kWs. There was no dump load prior to contactor 
closing or after the contactor closed. The system response to the contactor closing was the 
diesel generator unloaded to 40 kWs. 
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1.2.2 AOC 15/50 Soft Start Mode Start Up 
 
Purpose: Verify that the AOC soft start is operational with the Xantrex inverter and that the 
inverter can bring the AOC on to the grid without faulting the inverter or overspeeding the 
turbine. 
 

1. Methodology: Measure the voltage and current with an oscilloscope immediately 
after the AOC contactor has closed in order to verify that the soft start is operational.  
Confirm that the inverter does not fault and the AOC does not overspeed. 
Result: Following in Figure 26 is the voltage and current on the startup. The scale is 
located in the bottom left corner of the plot. The AOC did not overspeed, and the 
inverter did not fault. 

 

 
Figure 26.  Oscilloscope reading of AOC startup. 

Although the above test was performed successfully, it was not repeatable, and many times the 
AOC did not start successfully with the inverter but instead faulted on an overspeed condition. In 
order to rectify this situation, adjustments to the AOC soft start need to be made. 
 
Once the AOC 15/50 turbine was online, the system would run without fault. Total run time with 
the AOC online was in excess of 80 hours, with good transitions between diesel-on and diesel-off 
modes.   
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Appendix D: A Preliminary Description of Parallel Operation 
of the Inverter with a Diesel Genset 
 
The concept of limiting “max” generator output power on a hybrid inverter system has been 
implemented in prior projects by Xantrex with some success. The basic approach used an external 
device to the inverter to calculate the amount of current the inverter should discharge to limit the 
generator power. A separate controller was used because more information was available external 
to the inverter to help determine how much current the inverter should “source.” 
 
When the inverter operates in the charge state and the sign of the current command is set opposite 
to the normal charge command, the inverter will discharge current to the grid. Although the 
mechanics of configuring the inverter to discharge current in the charge state are relatively 
simple, several issues must be addressed to ensure that the system functions properly. These 
issues are listed below. 

 
1) Control stability of the limit loop is a major design factor. The dynamics of the 

inverter, generator, and overall grid must be considered when attempting to regulate a 
“fixed” generator power level; therefore, the system should be modeled to determine 
the response characteristics required and evaluate whether this can be achieved by the 
inverter. Trying to limit max generator power will also have a major impact on the 
design. If the design requirements are to minimize generator operation at high power, 
then a relatively simple control loop could be implemented. If the design 
requirements are to ensure the generator never exceeds a fixed limit, then a much 
more complex control logic would be required. Also, other issues must be considered 
with more stringent design requirements (see #3). 

 
2) Logic would have to be included to ensure the inverter did not source power to the 

generator at low grid loads. Slow dynamics (for stability) may not respond fast 
enough during rapid drops in the grid load, resulting in the inverter sourcing current 
back into the generator. 

 
3) The question of what to do when the battery is not charged sufficiently to support the 

required current demand must be addressed. 
 

4) Maximum increasing and decreasing current ramp rates would have to be established 
to provide adequate stability while not limiting the response during rapid drops in 
grid power (see #2).   

 
As described in the introductory notes, care should be taken to define the type and quantity of 
input signals required to control the amount of current the inverter should source. This may drive 
the design if the peak shave logic can be incorporated into the inverter or if a separate controller 
is required. 
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