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Lessons Learned From Hardware-in-the-Loop 

Testing of Microgrid Control & Protection Systems 

Scott Manson 

Schweitzer Engineering Laboratories, Inc. 



• SEL POWERMAX® microgrid controller 

• High-speed interface electronics 

• SEL-751 Feeder Protection Relays and programming 

• Banshee model ported to real-time digital simulator 

(RTDS) 

SEL’s Contribution to the MIT Lincoln 
Laboratories Symposium 

• Pullman factory acceptance tests (FATs) 

• Integration support for MIT Lincoln Laboratories 

OPAL‐RT simulator 



SEL Engineering Services Uses  
Hardware-in-the-Loop (HIL) Testing Daily 

One-Rack Banshee Model 
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• Positive and negative 

sequences 

• Go and no-go scenarios 

• Combinational testing 

 Initial power system conditions 

 Dispatch order 

 Triggering scenario 

SEL POWERMAX HIL FAT Completed Via Webinar 
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• Grid reconnection  

• Unintentional islanding 

• Protection for expensive assets 

• IEEE 1547-2003 compliance 

• Metering 

• Pass-through control 

Protective Relay at PCC 
Provides ~50% of Control Functionality 
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Remember…Red Is DEAD!!! 
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Loads

• Load shedding 

• Intentional islanding 

• PCC dispatch 

• PF control 

• Voltage regulation 

• Frequency regulation 

Microgrid Controller  
Load Shedding, Dispatch, and Islanded Regulation 
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Relays and Controllers Work Together 



Normal

Loading

PCC

V

 –    pf)

I

I

(+0.8 pf)

Loads

High Current

Low Voltage

Normal Load Angle

Trip PCC 

Fast (67)

Example: Directional Current Protection (67) 
Opens PCC During Short-Circuit Conditions 

Import Export

 –    pf)I

I (+0.8 pf)

Fault FAULTI

Trip PCC 

Fast (67)



Trip 

RegionMicrogrid 

Blackout

IEEE 

1547-2003

df/dt 

(Hz/s)

Frequency 

(Hz)

Open Circuit

Microgrid 

Blackout
t

IEEE 

1547-2003

60

Frequency 

(Hz)

57PCC

PIMPORT

Macrogrid

Microgrid

PLOAD PDER

PLOAD = PDER + PIMPORT

Loads

Fast Rate-of-Change-of-Frequency Element (81RF) 
Opens PCC During Open-Circuit Conditions 

CB 

Opens 

+ Jf df/dt

(kinetic energy)

Microgrid 

Survives

Load 

Shedding

81RF 

Trips

PCC 

Opens
Microgrid 

Survives

Grid 

Connection

Load 

Shedding

81RF Trips

PCC Opens



Loads
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Microgrid Resiliency Requires  
FAST Load Shedding 

Problem to Mitigate Load-Shedding Speed 

Frequency collapse FAST 

Voltage collapse FAST 

DERs out of step  FAST 

DER overload SLOW 

Synchronization assist SLOW 

PCC curtailment SLOW 

PCC demand charge avoidance SLOW 

Subcycle  

(faster than 16 ms) 

Slow  

(~1 second) 
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Typical PID Problems 

• Changing load conditions 

• Not-so-bumpless transfers 

• Low-load instability 

• Overshoot 

• Integral windup 

Lesson Learned: Adaptive Feedforward (FF) 
Techniques Are Superior to PID Methods 

Adaptive FF 
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Synchronization 
Done Right 
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• PV, battery, and inverter RTDS models were improved 

• Fourth-generation POWERMAX library was improved 

• Community microgrids can tolerate more load shedding 

than industrial, military, or utility schemes 

• Protection + controls = microgrid control system 

• Both macro- and microgrids must be modeled 

What Did We Find and Improve  
During HIL Testing? 



• Automatic islanding 

• Reconnection 

• Protection 

• Island frequency  

and voltage 

• Grid-connected dispatch 

• HIL model accuracy 

• Economic cost optimization 

• Generator integration 

• Triple seamless islanding 

• DMS and OPAL-RT 

communications 

• Inverter (BESS and PV) 

integration 

What Challenges Remain? 
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Great Teamwork! 


