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This research introduces an energy storage system to deliver microgrid 

frequency response.  A doubly-fed induction generator (DFIG) and a squirrel cage 

induction machine (SCIM) are coupled together as a motor/generator set to deliver 

an immediate inertial response to a change of frequency, and an inverter and 

supercapacitors deliver short term power.  The hardware results show the effective 

way that the system delivers energy to stabilize microgrid frequency.   

A control system is created to monitor the grid frequency and activate an 

inverter to either charge or discharge a bank of supercapacitors depending on the 

measured conditions.  For example, when the frequency is measured below 60 Hz, 

the system injects power into the microgrid to arrest the frequency deviation; above 

60 Hz the energy storage system absorbs power.  For a microgrid with a high 

penetration of distributed renewable generation such as small scale solar and wind 

systems, additional stabilizing inertia, which is typically provided by large-scale 

synchronous generators, may be beneficial.  This system adds real inertia and short-

term energy storage to stabilize frequency.   



 

 

 

 

This thesis outlines the simulation, design and hardware testing results of this 

microgrid frequency stabilization system.      
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A Motor-Generator and Supercapacitor Based 
System for Microgrid Frequency Stabilization   

 

1. Introduction 

1.1 Frequency Response on the North American Power System  

In order to consider the best way to design a microgrid frequency stabilization 

system, it is useful to analyze the technology and control systems of the power grid of North 

America.  Understanding the challenges that grid operators face in controlling frequency, 

especially as it relates to the build-out of increasing levels of generation from renewable 

resources, will also help to inform the system design.     

The power system of North America is divided into four major Interconnections: 

• Western 

• Texas 

• Eastern 

• Quebec 

Each interconnection is frequency independent – decoupled from one another by DC-links.   

The rotation of all generation units within a power system interconnection is 

synchronized.  At this moment the current is being commuted through the pole pairs of 

thousands of machines at the exact same electrical speed.  Each interconnection can be 

thought of as being supplied by one massive generator whose speed sets the frequency, 

and whose equivalent inertia serves to stabilize fluctuations in the load.  The frequency, the 

speed of the generators, is set by matching the supply of power with the demand.  If there 

is an imbalance between the two then the error will show up in the frequency.  When 
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customer demand (and losses) exceeds the power supplied by the generators, then the 

power signal will drop below the target frequency, which is 60 Hz in North America.  Vice-

versa, if generation exceeds load, then the frequency will rise.   

Primary control is used to control the frequency.  It consists of two groups of 

methods [1]: 

• A certain portion of the load is motors that spin slower when the frequency declines, and 

therefore consume less power.  The motors also spin faster when the frequency rises 

thereby consuming more electricity.      

• Some generators on the grid are controlled by governors that will automatically change 

the power output depending on the grid frequency.   

The first bullet point above represents the frequency response of the load.  A high 

frequency response indicates that the load increases significantly when the frequency rises.  

Notice that a high frequency response helps to stabilize the frequency and a low frequency 

response does not.  A concerning trend identified by the North American Electric Reliability 

Corporation (NERC) is that the frequency response of the Eastern Interconnection has been 

decreasing from 2000 to 2006 [1].  The Electric Reliability Council of Texas (ERCOT) has 

also observed a decline in inertial response in the Texas Interconnection from 2009 to 2010 

[9].   

Figure 1 illustrates two significant frequency events in the Texas interconnection:  

1. July 2009 due to a loss of an 890 MW generator unit.  The load at the time was 

49,209 MW with 675 MW of wind in service.  

2. March 2010 due to a loss of an 837 MW generator unit.  The load was 23,655 MW 

with 4,300 MW of wind in service.   
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Figure 1: Two ERCOT frequency disturbance events that were both caused by the loss of a generator.  
The 2010 event (dotted) shows a significantly higher df/dt of .07 Hz/sec than the 2009 event (red) at 
.03 Hz/sec.  This is due to the significant increase of wind generation in service.  Image in [9].      

 

The inertia from wind turbines is decoupled from the grid through power electronics.  ERCOT 

correlates the increased df/dt with the amount of wind generation it had online during the 

event [9].   
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The total inertia of the grid – the total synchronously rotating mass - will act to resist 

a sudden step change in the frequency.  Therefore, not only do synchronous generators 

provide inertia, but so do synchronous machines that are part of the load.  That is why 

ERCOT research [9] shows that the grid is most vulnerable to frequency deviation events 

during off-peak hours, when there is less synchronous load.    

Frequency control can be categorized as Inertial, Primary and Secondary – based on 

frequency response times of instantaneous, 12 to 14 seconds (governor action), and 

anywhere from seconds to minutes (Automatic Generation Control action) respectively 

[1,9].  Maintaining minimal levels of inertial capacity is an important part of ensuring 

reliable integration of renewable resources.  A reliable power system is designed to ensure 

that it operates within a narrowly defined range of frequencies.  When there is a change in 

load or generation the frequency will change at a rate that is initially determined by the 

inertia of the power system.  Therefore inertia is an important component of a power 

system as it determines the sensitivity of the frequency on supply/demand imbalances.  As 

renewable resources are added to the power system it is important to understand their 

impact on inertia.  This is especially important for microgrids – smaller grids that either do 

not share a connection with the stabilizing inertia of the larger grid, or are designed to 

sometimes operate independently of it.   

1.2 Motivation for Microgrid Frequency Stabilization 

Microgrids generally have low inertia due to lack of large, dispatchable synchronous 

generation.  Also, non-dispatchable sources such as solar and wind generally do not have a 

favorable frequency bias.  When renewable generation (or load) fluctuates the microgrid’s 

inertial response will be actuated, followed by the primary control system.  That condition 

could result in the actuation of a slack bus resource such as a diesel generator.  The system 
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proposed in this research can move energy into or out of its storage system quickly in order 

to keep the grid frequency stable during frequency excursions.  This can reduce not only the 

amount of stop/start cycles on the prime mover but also the amount of valuable 

dispatchable energy used by the primary/secondary control to correct the frequency event.   

1.2.1 Two Examples of Microgrids in Hawaii and Vietnam 

Hawaii’s grid, for example, could potentially benefit from a frequency stabilization 

system such as this.  Reading from an agreement between various State Offices and local 

Electric Utilities [2], “As we move from central-station, oil-based firm power to a much more 

renewable and distributed and intermittent powered system, we accept that the operating 

risks of the Hawaiian Electric Companies will increase which may potentially affect 

customers.  Thus, we recognize the need to assure that Hawaii preserves a stable electric 

grid to minimize disruption to service quality and reliability.”  This shows that Hawaii has set 

forth a conceptual framework to move towards integrating more renewables while also 

achieving quality and reliability in its grid.   

Research published on the power system of Vietnam [13] indicates that power is 

sourced from coal, oil, gas and hydropower.  However, hydropower has reached a capacity 

ceiling because the ten major rivers of the country are “fully exploited.”  Domestic crude oil 

extraction actually decreased from 2006 to 2008.  The fluctuation of oil prices could put the 

country in a difficult position to meet its energy needs, so the government is planning 

projects to increase the penetration of renewables and also distributed generation.   

1.3 Literature Review 

Mallesham et. al [15] simulate a microgrid with multiple power sources (wind, solar, 

diesel, fuel cell) and storage mediums (battery, flywheel, aqua electrolyzer).  A Ziegler-
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Nichols based algorithm is used to tune the PID controller of each element in order to 

stabilize the system frequency under various load/source conditions.  Mishra et. al [12] 

simulate a similar microgrid with various power and storage elements, but use a battery to 

provide fast-acting power response during frequency transients.  (The battery is floated 

during steady-state operation.)  This research calculates controller coefficients dynamically 

based on microgrid conditions with a Bacterial Foraging Optimization algorithm.  The main 

controller sends the coefficients to the various elements with an internet protocol.   

Leuchter et al. [7] identify a problem with an electrical-generator set that is 

implemented with a diesel engine.  A variable-speed constant frequency (VSCF) drive is 

used to convert the variable speed of the diesel engine to a DC-link and then inverting it to 

deliver constant output voltage and frequency to the load.   However, the system shows 

poor performance when the output current changes suddenly, to the point where the diesel 

engine stalls during large changes.  The engine’s response to a change of input has a time 

constant of a few seconds, as limited by fuel injection.  Their simulation shows that 

“electromagnetic transient times are negligible in comparison with the mechanical and 

electromechanical time constants of both the driving engine and generator.”  This leads the 

authors to bypass the mechanical system during transient situations.  They add a battery 

and a bi-directional DC/DC converter to the DC-link and activate it during a load torque 

transient situations.  During a torque step-up the battery boosts the DC-link voltage until 

the system reaches steady-state.  During a step-down the battery is charged.  The control 

system is also modified to command the battery and converter directly to deliver energy 

during the power transients.  

  There is quite a lot of research on the challenge that is presented by the fact that the 

power output from wind turbines is decoupled from the grid with power electronics, and 
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therefore the inertia of the shafts do not serve to stabilize grid frequency 

[1,6,8,9,17,19,20,22].  This concept is illustrated in Figure 2.   

DFIG Grid

~AC/DC DC/AC

Wind Turbine Blade

DC Link

Power Electronics

 

Figure 2: A simplified block diagram of a wind turbine power system.  The wind turbine blade, which 
provides real inertia, is shown to be decoupled from the utility signal via power electronics.  Turbines 
connected in this manner do not add to the amount of synchronously rotating mass of the grid, which 
poses a challenge to the research community.   

Mullane et. al [22] and Morren et. al [8] propose that a controller is added to the power 

electronics drive to adjust the motor torque setpoint based on measured grid conditions.  

Derazkolaie et al. [6] propose the use of SCIMs in wind turbines, due to the favorable 

inertia response, and also because less repair and maintenance is required compared to 

DFIGs.  However, they recognize that this topology is only suitable for sites where constant 

rotational speed yields acceptable energy capture.  Syed et al [3] have designed a 

supercapacitor based system to emulate inertial response for different wind conditions. 

Giesselmann et al [8] demonstrate the sheer electrical force of AC machine inertia in 

high-current Electromagnetic Launch Applications.    
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National Grid [17], ERCOT [9], the Western Electricity Coordinating Council [19] and 

agencies in Japan [20] have developed tools to measure power system inertia.   

1.4 Discussion of Literature Review Concepts 

 The literature review uncovered a couple of obvious items that clearly need to be 

addressed by this research.  1. Inertia is important to power system stability.  2. There is a 

challenge posed by the fact that renewable sources don’t inherently contribute to power 

system inertia.  

Another interesting concept discovered in the review is that Mishra et. al and Leucter 

et. al use batteries in their system designs to help improve system response times during 

periods of transient power flow.  This is due to the relatively slower response times of 

mechanical systems (e.g. diesel engines and their governors) compared with electrical 

systems (e.g. inverting a DC voltage to deliver AC power to a load).  It follows that NERC 

and ERCOT approximate frequency response times as follows:   

 Inertial Response: Instantaneous 

 Primary Control (governor action): 12 to 14 seconds 

 Secondary Control (AGC action): seconds to minutes 

The timing of the frequency response needs to be designed carefully.  

1.5 Finding a Niche 

This research adds real inertia to microgrids.  It introduces the use of a motor/gen 

set along with an inverter and supercapacitors to deliver frequency response.  The hardware 

testing results demonstrate the immediate and short term energy delivery as a response to 

changes in microgrid frequency.  
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2. Overview of the Proposed System 

A block diagram of the proposed system is illustrated in Figure 3. 

 

SCIMDFIG uGrid

~

DC
Current

S
ta

to
r

Rotor

AC/DC DC/DC

Inverter
SuperCap 

Bank

480V/208V

 

Figure 3: The proposed system delivers frequency response with energy storage from both 
supercapacitors and real inertia.    

A control system is created to measure the grid frequency and then activate the inverter to 

either charge or discharge the supercapacitor bank.    

 When the frequency rises above the target value (e.g. 60 Hz) the system takes 

power from the microgrid to charge the supercapacitors, thereby acting as a load to 

bring the system frequency down.  Power now flows from the microgrid through the 

system to charge the supercap bank.   

 When the frequency drops below 60 Hz the system acts like a generator by taking 

energy from the supercapacitors, inverting it and injecting it into the microgrid to 

bring the system frequency back up.   

The proposed control system block diagram is illustrated in Figure 4.  
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Figure 4: The control system block diagram shows that frequencies outside of the target values of 60 
Hz will activate the system’s power response at a rate of 36 kW/3 Hz.   

The controller is scaled according to the NERC guidelines to deliver a full p.u. power 

response for 3 Hz of frequency deviation [1].  (The inverter power rating of 36 kW is used 

as the values for the system’s full power output.)    

In addition to the functionality outlined above, the control model also reports status 

and I/O readings, and implements safety and power protection services. 
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3. Modeling and Simulation 

A Simulink® simulation is created to model the way that the motor/generator set filters grid 

frequency.  The interconnection of the major components is illustrated in Figure 5.  

 

Figure 5: The grid frequency is simulated with a DC component of 60, and noise components of 5 Hz 
and 225 Hz.  This is based on observed conditions during the hardware testing.  The motors shafts are 

coupled, creating a combined inertia that will filter the grid frequency.   

The mathematical descriptions of individual components are now discussed.  Following that 

the simulation results will show the way that the inertia filters out the higher grid frequency 

component.     

3.1 Motor Theory 

3.1.1 Magnetics Review 

A brief review of electromagnetic theory [24] is presented in this section in order to 

set up the modeling of the motors.   
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Amperes Law states that the closed line integral of the magnetic field intensity along 

the mean path within the core and in the air gap equals the amount of turns of the winding 

multiplied by the current flowing through the winding.   

                                                            𝐻𝑚𝑙𝑚 + 𝐻𝑔𝑙𝑔 = 𝑁𝑖                                               (1) 

The following terms are used to describe the properties of a magnet. 

 Magnetic core, made of a material such as iron, for example, easily conducts flux.   
 Hm = Magnetic field intensity in the core, which is assumed to be uniform along 𝑙𝑚  

[
𝐴

𝑚
]. 

 Hg = Magnetic field intensity in the air gap.  

 Ni = Ampere turns.  

 A = Core area [m2]. 

 Um = Relative permeability of the core’s material [
𝐻

𝑚2]. 

 U0 = Relative permeability of air. 

 Ø = The amount of magnetic field passing through a surface [Wb]. 

 𝜆 = Flux linkage (more on this later) [Wb-t].  

 𝐵 = Flux density, the flux per area [T] (where one 
𝑊𝑏

𝑚2 = 1 𝑇𝑒𝑠𝑙𝑎). 

The flux density corresponds to the magnetic field intensity in the following way 

                                                   Bm = UmHm,  and                                           (2) 

                                                        Bg = UoHg.                                                               (3) 

An air gap is purposefully introduced in inductors to store energy (energy is stored primarily 

in the air gap vs. the core).   

 Ø =  𝐴𝑚𝐵𝑚= 𝐴𝑔𝐵𝑔, such that flux equals the area of the material multiplied by the flux per 

area.  

                                                  
 𝐵𝑚

𝑢𝑚
𝑙𝑚 + 

𝐵𝑔

𝑢0
𝑙𝑔 =  𝑁𝑖                                         (4) 

                                                                           Ø ⌊
𝑙𝑚

𝐴𝑚𝑢𝑚
+ 

𝑙𝑔

𝐴𝑔𝑢0
⌋ =  𝑁𝑖                                         (5) 
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The term in the bracket of (5) is the reluctance, 𝑅𝑚, measured in [
1

𝐻
], in the path of the flux 

lines.  Reluctance is analogous to resistance in electrical circuits, but instead of dissipating 

energy it stores energy.   

The flux linkage of the windings, λm, due to flux lines entirely in the core, is equal to the 

flux times the number of turns N that are linked.  The flux linkage is related to the current 

by the inductance Lm.  This is the electromagnetic link.  The inductance, Lm = 
λm

𝑖
 , is 

constant if the core material is in its linear operating region.   

The energy stored in an inductor (stored in its magnetic field) is 

                                        𝑊 = 
1

2
𝐿𝑚𝑖2 [J]                                                (6) 

Faraday’s Law: The time rate of change of flux-linkage equals the voltage across the coil at 

any instant.   

                                                             𝑒(𝑡) =  
𝑑

𝑑𝑡
𝜆(𝑡) = 𝑁

𝑑

𝑑𝑡
Ø(t)                              (7) 

Or, stated another way, a voltage applied across a coil causes a change in flux,  

                                                                                Ø(𝑡) =  Ø(0) + 
1

𝑁
∫ 𝑒(𝜏)𝑑𝜏

𝑡

0
                                     (8) 

While magnetic flux Øm is completely confined to the core and links all N turns, the subscript 

Øl is used to indicate flux that is leaked partially or entirely into the air.  Øl links the turns 

but does not follow the magnetic path.   

3.1.2 DQ Analysis 

A brief overview of motor theory [5] is provided to develop a Simulink model of the 

motor/generator set. 
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 The synchronous speed at which the flux density rotates in the air gap is  

                                                                                            𝜔𝑠𝑦𝑛 = 
2𝜋𝑓

𝑃

2

                                             (9) 

Where f is the electrical frequency, and P is the number of poles.   

 syn [rad/sec] can be converted to rpm by the following scalar:  

                                                                                             
60

2𝜋
 [

𝑠

𝑚𝑖𝑛

𝑟𝑒𝑣

𝑟𝑎𝑑
]                                            (10) 

DQ Winding Representation 

The magneto motor force (mmf) produced by the field windings is equal to the amount of 

turns that link the flux in a winding multiplied by the current passing through the turns.   

                                                                         𝑚𝑚𝑓 =  𝐹𝑠(𝑡) = 𝑁𝐼                             (11) 

For analysis and control purposes we resolve each sinusoidally distributed field winding onto 

a set of two orthogonal, stationary windings αβ.  Two windings are used in the dynamic 

analysis of ac machines so that torque and flux can be controlled independently.   Because 

of their orthogonal orientation, the mutual coupling of the αβ windings is zero, which results 

in zero mutual magnetic coupling of flux lines.   

Each αβ winding on the stator and rotor has √
3

2
 𝑁𝑠 turns where Ns is the amount of turns in 

the a-b-c field windings.  The factor of √
3

2
 , derived in [5], is chosen to ensure that the flux 

produced in the air gap due to the application of sinusoidal currents on the windings is 

equivalent in the αβ domain as the actual a-b-c domain.   

We now rotate the αβ windings at the synchronous frequency ωsyn.  It is useful to 

transform the a-b-c phase winding to a D-Q reference plane in order to simplify the 
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mathematical analysis of the stator and rotor flux linkages, which are position dependent.  

The Park Transformation, or D-Q transformation, introduces a reference frame that rotates 

at the synchronous frequency ωsyn= ωd.   

 

Figure 6: In combination, the dq windings produce the same mmf as the actual abc windings.  Vectors 
are also resolved into dq equivalents.  The dq reference plane is made to rotate at a speed of the 
designer’s choice.  A rotating reference frame can help simplify the mathematical analysis; for 
example, it is easier to design PI controllers for DC values.  Image in [5].       

The speed 𝜔𝑑=
𝑑

𝑑𝑡
𝜃𝑑𝑎 is the instantaneous speed of the dq winding set in the airgap.   This 

field induces a rotating flux in the rotor windings, which encourage the shaft to turn.  

Typically the rotor will not turn as fast as the stator’s electrical field because of slip, which 

increases with load.  The capital ‘A’ subscript entails the rotor, while the small ‘a’ entails the 

stator.   

 𝜃𝑑𝑎 = 𝑡ℎ𝑒 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑑 − 𝑎𝑥𝑖𝑠 𝑎𝑛𝑑 𝑡ℎ𝑒 (𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦) 𝑠𝑡𝑎𝑡𝑜𝑟 𝑎 − 𝑎𝑥𝑖𝑠,  
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 𝜃𝑚 = 𝑡ℎ𝑒 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑟𝑜𝑡𝑜𝑟 (𝑠ℎ𝑎𝑓𝑡′𝑠) 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑎 − 𝑎𝑥𝑖𝑠 
 𝜃𝑑𝐴 = 𝑡ℎ𝑒 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑑 − 𝑎𝑥𝑖𝑠 (𝑆𝑙𝑖𝑝 𝑖𝑠 𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑓𝑜𝑟 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑣𝑎𝑙𝑢𝑒. )  

where, 

[
𝑖𝑠𝑑(𝑡)
𝑖𝑠𝑞(𝑡)

] =  √
2

3
[

cos(𝜃𝑑𝑎)   cos (𝜃𝑑𝑎 −
2𝜋

3
)  cos (𝜃𝑑𝑎 −

4𝜋

3
)

− sin(𝜃𝑑𝑎)   −sin (𝜃𝑑𝑎 −
2𝜋

3
)  −sin (𝜃𝑑𝑎 −

4𝜋

3
)
][

𝑖𝑎(𝑡)

𝑖𝑏(𝑡)

𝑖𝑐(𝑡)
](12)

The 𝜃𝑑𝑎 represents the angle generated by integrating the synchronous frequency (e.g. 

1

𝑠
(2)).  The currents on the rotor can be described with a similar transformation that 

accounts for the slip. 

[
𝑖𝑟𝑑(𝑡)
𝑖𝑟𝑞(𝑡)

] =  √
2

3
[

cos(𝜃𝑑𝐴)   cos (𝜃𝑑𝐴 −
2𝜋

3
)  cos (𝜃𝑑𝐴 −

4𝜋

3
)

− sin(𝜃𝑑𝐴)   −sin (𝜃𝑑𝐴 −
2𝜋

3
)  −sin (𝜃𝑑𝐴 −

4𝜋

3
)
][

𝑖𝑎(𝑡)

𝑖𝑏(𝑡)

𝑖𝑐(𝑡)
](13)

where 𝜃𝑑𝐴 is the angle between the synchronously rotating reference frame 𝜃𝑑𝑎 and the 

actual shaft of the machine, i.e. the rotor position 𝜃𝑚.   

                                                       𝜃𝑑𝐴 =  𝜃𝑑𝑎 − 𝜃𝑚                                            (14) 

Converting from DQ back to a-b-c is done with the following transformation  

                           [

𝑖𝑎(𝑡)

𝑖𝑏(𝑡)

𝑖𝑐(𝑡)
] =  √

2

3

[
 
 
 

cos(𝜃𝑑𝑎)   − sin(𝜃𝑑𝑎)  

cos (𝜃𝑑𝑎 +
4𝜋

3
) −sin (𝜃𝑑𝑎 +

4𝜋

3
)

   cos (𝜃𝑑𝑎 +
2𝜋

3
)  −sin (𝜃𝑑𝑎 +

2𝜋

3
)]
 
 
 

[
𝑖𝑠𝑑
𝑖𝑠𝑞

]                  (15) 

DQ Equivalent Circuit 

The d and q axis equivalent circuits can be written as: 

𝑉𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 − 𝜔𝑑𝜆𝑠𝑞 + 𝐿𝑙𝑠
𝑑

𝑑𝑡
𝑖𝑠𝑑 + 𝐿𝑚

𝑑

𝑑𝑡
(𝑖𝑠𝑑 + 𝑖𝑟𝑑)                                               (16) 



 

 

 

                                                                                                                      17 

𝑉𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 + 𝜔𝑑𝜆𝑠𝑑 + 𝐿𝑙𝑠
𝑑

𝑑𝑡
𝑖𝑠𝑞 + 𝐿𝑚

𝑑

𝑑𝑡
(𝑖𝑠𝑞 + 𝑖𝑟𝑞)                                                (17) 

𝑉𝑟𝑑 = 𝑅𝑟𝑖𝑟𝑑 − 𝜔𝑑𝐴𝜆𝑟𝑞 + 𝐿𝑙𝑟
𝑑

𝑑𝑡
𝑖𝑟𝑑 + 𝐿𝑚

𝑑

𝑑𝑡
(𝑖𝑠𝑑 + 𝑖𝑟𝑑) *                                           (18) 

𝑉𝑟𝑞 = 𝑅𝑟𝑖𝑟𝑞 + 𝜔𝑑𝐴𝜆𝑟𝑑 + 𝐿𝑙𝑟
𝑑

𝑑𝑡
𝑖𝑟𝑞 + 𝐿𝑚

𝑑

𝑑𝑡
(𝑖𝑠𝑞 + 𝑖𝑟𝑞) *                                            (19) 

*Vrd and Vrq are zero for a SCIM, and can be non-zero for a DFIG.   

The d- and q-axis equations are now combined as shown in the equivalent circuit in Fig. 7.  

Rs Lls

+

Vsd

-

RrLlr

+

Vrd

-

d/dt λrd 
+

-Lm

ωdλsq 

d/dt λsd 

-

+

d-axis

Rs
Lls

+

Vsq

-

ωdAλrd RrLlr

+

Vrq

-

d/dt λrq 
+

-Lm

ωdλsd 

d/dt λsq 

-

+

q-axis

ωdAλrd

Figure 7: dq-winding equivalent circuit of an induction machine 

 

In state space form, 
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𝑑

𝑑𝑡
[
𝜆𝑠𝑑

𝜆𝑠𝑞
] =  [

𝑣𝑠𝑑

𝑣𝑠𝑞
] − 𝑅𝑠 [

𝑖𝑠𝑑
𝑖𝑠𝑞

] − 𝜔𝑑 [
0  − 1
1       0 

] [
𝜆𝑠𝑑

𝜆𝑠𝑞
]                                 (20) 

and, 

                                    
𝑑

𝑑𝑡
[
𝜆𝑟𝑑

𝜆𝑟𝑞
] =  [

𝑣𝑟𝑑

𝑣𝑟𝑞
] − 𝑅𝑟 [

𝑖𝑟𝑑

𝑖𝑟𝑞
] − 𝜔𝑑𝐴 [

0  − 1
1       0 

] [
𝜆𝑟𝑑

𝜆𝑟𝑞
]                                (21) 

3.1.3 Torque 

The torque produced on the d-axis windings is due to the flux from the q-axis 

windings, and is modeled with the following equations.  

                                                     𝑇𝑑,𝑟𝑜𝑡𝑜𝑟= 
𝑃

2
(𝐿𝑚𝑖𝑠𝑞 + 𝐿𝑟𝑖𝑟𝑞)𝑖𝑟𝑑                                          (22) 

and, 

                                               𝑇𝑞,𝑟𝑜𝑡𝑜𝑟= −
𝑃

2
(𝐿𝑚𝑖𝑠𝑞 + 𝐿𝑟𝑖𝑟𝑞)𝑖𝑟𝑞                                    (23) 

where the instantaneous torque acting on the rotor    

                                                       𝑇𝑒𝑚 = 𝑇𝑑,𝑟𝑜𝑡𝑜𝑟+𝑇𝑞,𝑟𝑜𝑡𝑜𝑟                                            (24) 

3.1.4 Electrodynamics 

 The acceleration is determined by the difference in the electromagnetic torque and 

the load torque (including friction) acting on the inertia of the shaft.   

                                                                            
𝑑

𝑑𝑡
𝜔𝑚𝑒𝑐ℎ = 

𝑇𝑒𝑚−𝑇𝑙𝑜𝑎𝑑

𝐽𝑒𝑞
                                                   (25) 

  



 

 

 

                                                                                                                      19 

3.2 Motor Model 

 A Simulink model based on the work in [5] and the mathematical relationships 

described in the previous section is created to model an induction machine.  

 

Figure 8: A Simulink screenshot showing the Doubly Fed Induction Motor model’s input and output 
signals.   

 

The frequency and rotor speed blocks are expanded in Figure 9 and Figure 10 respectively.  

 

Figure 9:  The synchronous electrical frequency is converted to rad/sec to generate the speed of the 

dq reference frame.  That speed is integrated to generate 𝜃𝑑𝑎 . 
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Figure 10:  The slip speed is calculated as the synchronous speed minus the mechanical speed (scaled 

by 
𝑃

2
 to convert to electrical speed).  The integral of slip speed is the slip angle 𝜃𝑑𝐴.     

 

The DFIG Motor Model block is illustrated in Figure 11.  
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Figure 11: DFIG core showing Vabc input, followed by an abc to DQ transformation.  The DQ values 
are later converted back to abc within this block (i.e. any outputs from this block are abc).  Flux, 
current, and torque are calculated as described in the “Motor Theory” section and solved here.  The 

13.5 V rotor excitation results in a 480 V back-emf on the stator windings.   
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The SCIM motor model is identical to the DFIG model listed in Figure 11 with the exception 

that rotor voltage cannot be excited.   

 The torques from the two motors are added together minus the friction to act on the 

equivalent inertia.  This creates mechanical acceleration, which is integrated to calculate 

mechanical speed.   The electrical frequency of the back-emf of the motor/generator set is  

                                                                               𝑓𝑒𝑙𝑒𝑐 = 
𝜔𝑚𝑒𝑐ℎ

𝑃

2

2𝜋
                                                         (26) 

 

Figure 12: The combined inertia that serves to stabilize fluctuations in the microgrid system frequency 
is modeled here as GM.J + DF.J.   
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4. Simulation Results 

 Appendix B contains the code used to initialize the circuit that is illustrated in Figure 

13.  

 
Figure 13: A copy of Figure 5 is provided for ease of reference. This circuit is used to simulate the 
inertial filtering of the grid frequency.  The grid frequency is constructed (right) and then used to 
create the voltage that is applied to the SCIM stator terminals.   

The input frequency, constructed for the simulation to reflect the observed grid frequency during 

hardware testing, consists of  

                                                          𝑓𝑔𝑟𝑖𝑑 = 60 + sin(10𝜋𝑡) + 0.1 sin(450𝜋𝑡)                                      (27) 

This frequency is input into the “Simulated Grid Frequency and Constant Voltage” block of Figure 13.  

The details of this block are show in Figure 14.  
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Figure 14: The grid frequency is used along with the machine’s rated voltage amplitude to create the 
three-phase voltage that is input by the SCIM.  The frequency will control the SCIM speed.   

The result of the simulation is shown in Figure 15.  

 

Figure 15: The simulation results show that the mechanical inertia passes through the DC and 5 Hz 
component and filters out the 225 Hz component.  A slip of approximately 0.9 Hz is also observed, 

due to the SCIM being loaded by the DFIG.   
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A Fast Fourier Transform (FFT) of the fgrid signal, shown Figure 16 confirms that the signal is composed 

of  

 a 0 Hz component of 60.0 magnitude, 

 a 5Hz component of 1.0 magnitude,  

 and a 225Hz component of 0.1 magnitude.   
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Figure 16 a,b,c: The FFTs of fgrid.  
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The FFT of fmech returns the same values for 0 Hz (60 Amplitude) and 5 Hz (1 Amplitude), but a zero  

Amplitude on the 225 Hz component, which confirms that the simulated inertia filters out higher 

frequency noise.  

 

Figure 17: The FFT result of the fmech signal shows that the 225 Hz component, which is present in 

fgrid, is filtered out by the inertia.    

The inertial filtering is a valuable feature of a microgrid frequency stabilization system 

because the control system is made to measure the microgrid frequency and then activate 

the capacitors depending on the measured conditions. Using the filtered frequency to 

command power will result in less power cycling of the supercapacitors.  Power cycling has 

been shown to derate supercapacitors (11), so less cycling creates a more robust and 

reliable design.    
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5. Hardware  

5.1 Interfacing to the OCC-GTI 

A repeat of the control system block diagram is illustrated in Figure 18.  

uGrid Freq
+

60

+
-

36000/3 1/208
4-20mA

Conversion

Vcontrol

Pcommand
Icommand

Inverter

ControlDesk(R)

 

Figure 18: A repeat of Figure 4 is listed here for ease of reference.  Code written for Control Desk 
inputs the values of three phase microgrid voltages and calculates the frequency.  The microgrid 
frequency is compared to 60 Hz and the error is used to command real power to flow.  The Vcontrol 
signal is output on DAC 2 and sent into the P_Iin pin of the GTI control port.   

The GTI has a 9-pin “input signals” port and 15-pin “status and control” port.  All of the 

signals associated with the OCC® GTI control interface and the respective dSPACE® IO port 

mappings are listed in Table 1. 
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Table 1: OCC® and dSPACE® signal and port mappings.   

The three types of signals required to interface to the GTI I/O ports are: 

1. A 4-20mA control current (P_Iin and Q_Iin).  This is the power control signal output 

by the I/O board, and input by the GTI.  Therefore a circuit is required to input the 

I/O board DAC voltage and output the 4-20mA control current.  The circuit used to 

implement the control currents is illustrated in Figure 19.  

 

DB9 Pin Signal Name Dspace Port Dspace Pin Notes

1 P_Iin DAC2 DAC2 External current controller circuit added to pin

2 +/- P Digital I/O Ch14 8

3 GND GND is tapped on the BNC connector from DAC2

4 +/- Q Digital I/O Ch18 10

5 Q_Iin DAC3 DAC3 External current controller circuit added to pin

6 P_Iout GND Connected to GND to complete the current controller circuit

7 NC

8 NC

9 Q_Iout GND Connected to GND to complete the current controller circuit

DB15 Pin Signal Name Dspace Port Dspace Pin Notes

1 F1: Over Temp Slave ADC Ch3 22 External 5V, 470Ω Circuit Added

2 F2: D_FLT Slave ADC Ch5 24 External 5V, 470Ω Circuit Added

3 F3: P_FLT Slave ADC Ch7 26 External 5V, 470Ω Circuit Added

4 F4: Ovdc Slave ADC Ch9 28 External 5V, 470Ω Circuit Added

5 F5: Ocdc Slave ADC Ch10 29 External 5V, 470Ω Circuit Added

6 F6: Ocac Slave ADC Ch11 30 External 5V, 470Ω Circuit Added

7 F7: Ovac Slave ADC Ch12 31 External 5V, 470Ω Circuit Added

8 F8: Uvac Slave ADC Ch13 32 External 5V, 470Ω Circuit Added

9 F9: Vdc_OFF Slave ADC Ch4 23 External 5V, 470Ω Circuit Added

10 S1: FLT Slave ADC Ch6 25 External 5V, 470Ω Circuit Added

11 S2: CB_Trip Slave ADC Ch8 27 External 5V, 470Ω Circuit Added

12 GND_EXT Slave ADC GND 1 GND Connected at Dspace GND as well as  external Power Supply

13 C1: PWM_RS Digital I/O Ch22 12 Gate Driver Circuit Added to drive pin

14 C2: Ex_SD Digital I/O Ch30 16 Gate Driver Circuit Added to drive pin

15 C3: Ex_CB_Trip Digital I/O Ch26 14 Gate Driver Circuit Added to drive pin

+5V External Power Supply

OCC GTI INPUT SIGNALS PORT

OCC Info Dspace Info

OCC GTI Status and Control Port
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Figure 19: The high impedance circuit used to input a 0-10V DAC voltage and output a 4-20mA 
current to control the GTI power output [25].  

The characteristic equation for this circuit is 

                                           𝑉𝑑𝑎𝑐 = (
𝑅2

𝑅1
)𝑅𝑠𝑒𝑛𝑠𝑒𝐼𝑙𝑜𝑎𝑑 + 𝑉𝑟𝑒𝑓                                   (28) 

The values of Rsense and Vref are calculated based on choosing a Vref to correspond with an 

Iload, for the two setpoints, and then solving for two unknowns with two equations.  

Specifically the style of this design is to achieve a nice level of granularity between the DAC 

input voltage and the full range of output operating currents.  This is done by setting 1V on 
Vdac to correspond with 4mA output.   

                                                                   1 = (
𝑅2

𝑅1
) 𝑅𝑠𝑒𝑛𝑠𝑒 ∗ .004 + 𝑉𝑟𝑒𝑓                                           (29) 

Also, choose 9V on the DAC to correlate to 20mA.   

                                                                  9 = (
𝑅2

𝑅1
) 𝑅𝑠𝑒𝑛𝑠𝑒 ∗ .02 + 𝑉𝑟𝑒𝑓                                             (30) 

R2 is chosen to be 750kΩ and R1 75kΩ.  

Plugging (2) into (3) and then solving both equations yields    

                                                                                           𝑉𝑟𝑒𝑓 = −1 𝑉                                                 (31) 

                                                                                           𝑅𝑠𝑒𝑛𝑠𝑒 =  50 Ω                                                    (32) 

These values are plugged into the characteristic equation to verify the result, which is 
plotted in Figure 20.  
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Figure 20: The Iload vs. Vdac plot validates the choice of Vref=-1 and Rsense=50Ω.  This circuit 
inputs a DAC voltage of 1-9 V and generates a load current of 4-20 mA.  This controls the GTI AC 

output current linearly from 0 A (4mA) to 100 A rms (20mA).       

In actual practice the Vdac vs. Iload characteristic had a different response than the one 

outlined in Figure 20.  The actual hardware Vdac and Iload response was measured in the lab 

with fluke meters.  The plot in Figure 20 was recreated with the actual test data and that IO 

relationship is used to control the GTI.   

2. A pullup voltage pin for the status signals (such as Ovac or Ocac).  The status 

signals are output by the GTI and read in by the IO board.  An external voltage 

source and pullup resistor is required.  The circuit used to interface the “status” 

signals is illustrated in Figure 21.  
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Figure 21: A pullup resistor and voltage source is added to the status signals that are output by the 
GTI.  Examples include “Over Voltage AC” and “Over Current AC.”   A 5V source was chosen so that 
the signals are within the input tolerance of the Slave ADC pins on the dSPACE® 1103 IO board.   

3. Signals from dSPACE® can be used to trip the GTI’s internal AC breaker (such as 

C2: External Shutdown).  These signals are output by the IO board, and input by 

the GTI pins.  It is required to deliver between 4mA<Id<20mA across a 1.6kΩ 

internal resistor in order to successfully drive the pin.  Therefore an external circuit 

is required to amplify the current from the IO board.  The circuit used to implement 
the “Cx” signals is illustrated in Figure 22. 

 

Figure 22: The voltage amplifier circuit designed to input the dSPACE® Digital IO voltage (0 or 5V) at 
low current and output 15V/1.6kΩ=9mA current when it is necessary to trip the GTI breaker from 
software.  The 33kΩ value is chosen to limit the input current.  When Vdac is set to high the 15V 
external rail is switched across the GTI pin; otherwise it is pulled down.   
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The interface circuits are built on the breadboard shown in Figure 23.  Also, a custom cable 

is built to interface the breadboard ports with the various dSPACE® I/O ports and the DB9 

and DB15 connector of the OCC® GTI.   

 

Figure 23: The interface circuit, constructed with op-amps, transistors and resistors.  An external DC 

power supply is used to create a +5V, +15V and -15V power rail.  Potentiometers are used to create 
the -1V volt rail as well as the 50Ω value for Rsense so that these values can be tuned easily.       

 

 

Figure 24: A picture of the interface circuit and the cabling.   
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5.2 The Three Hardware Testing Configurations 

The following three circuits are created to test various aspects of the microgrid 

frequency stabilization system: 

1. The GTI is connected directly to the grid.  The motor/generator set is 

not used in this configuration.   

2. A motor/generator set is implemented with a 5 HP, 4-pole SCIM and 

a 15 HP, 4-pole DFIG.  The SCIM in this test setup is synchronous 

and runs directly from the grid at approximately 1800 rpm.  It is not 

decoupled through power electronics.     

3. A motor/generator set is implemented with a 220 kW, 4-pole SCIM 

and an 80 kW, 6-pole DFIG.  The SCIM is powered by an AC/AC 
inverter.   

5.2.1 Test Setup 1: Inverter Tied to Autotransformer 

The first test setup is built to demonstrate the functionality of the GTI when it is hooked 

directly to the microgrid (with no motor/gen set).  The configuration is illustrated in Figure 

25. 

uGrid

~ AC/DC DC/DC

Inverter

Super
Capacitor 

Bank

 

Figure 25: The test1 setup block diagram shows that the GTI is connected directly to the microgrid 
voltage terminals.  The “uGrid” block refers to the autotransformer output, which is set to 208 V.  The 

supercapitor bank capacity is 3.6 MJ or 0.98 kW-hr.   

The control system block diagram is repeated for ease of reference.   
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uGrid Freq
+

60

+
-

36000/3 1/208
4-20mA

Conversion

Vcontrol

Pcommand
Icommand

Inverter

ControlDesk(R)

 

Figure 26: The control system implemented for test one creates a staircase for Icommand.  (I.e. 
Icommand is activated and the rest of the blocks to the left are shut down.  The grid frequency 

measurements and Pcommand, bypassed in test one, are used in test two.)     

Test 1: The Icommand Staircase 

The first test creates a staircase of commanded currents to the GTI.  The results are plotted 

in Figure 27.  

 

Figure 27: Test 1 results.  The staircase currents of [0 -30 -60 -30 0 30 60 30 0] (A, rms) are 
illustrated in the top plot.  The resulting AC currents and voltages are shown on the left subplots and 

the DC on the right.  The bottom centered plot shows the AC and DC power.   
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The AC plots demonstrate a unity power factor of energy delivery.  The current is in 

phase with the voltage on a supercapacitor charge and 180o out of phase during a 

discharge.   

This exercise showed that everything is hooked up right and the circuit is ready for a 

frequency response test.   

Test 2: Frequency Response 

The full control system illustrated in Figure 26 is used to run a frequency response 

test.  The results are plotted in Figure 28.   

 

Figure 28: The hardware testing results show that the system takes energy out of the capacitor bank 
(Vdc) and puts it into the microgrid.  This is in response to the frequency being measured below 60 

Hz.   
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5.2.2 Test Setup 2: The Synchronous Motor/Generator Set 

The motors of the synchronous motor/generator set have the same amount of poles (P=4 

for both motors).  Therefore the SCIM can be attached directly to the uGrid and the back-

emf of the DFIG will be approximately 60 Hz.  The DC current excitation is adjusted until the 

back-emf voltage magnitude reaches 208V, which is the rating of the GTI.     

3.7kW SCIM11.2 kW DFIG uGrid

~

DC
Current

S
ta

to
r

Rotor

AC/DC DC/DC

Inverter
SuperCap 

Bank

208V (l-l,rms) 

 

Figure 29: The green SCIM can be connected directly to the microgrid (without a converter), and 
therefore it rotates at a speed that is synchronous with the microgrid frequency.   

Test 3: Frequency Filtering 

A problem with this motor set is that it is undersized when compared to the 36kW 

inverter.  The maximum current that the SCIM can support is 14.0 A rms (compared with 

100 A for the GTI).  However, it was difficult to reliably command a step change in GTI 

current even within that limit without knocking the DC excitation out of synchronization.  

The DC supply output starts to oscillate up and down, and therefore so does the back-emf 

and the circuit needs to be shut down.    

While this motor set does not perform reliably under load it is ideal for collecting data 

on the frequency filtering effect that was modeled in the “Simulation Results” section.  
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Recall that the simulation showed that the inertia of the coupled shafts passes through the 

DC and 5 Hz component and filters out the 225 Hz component.   

The data collected for the frequency comparison test is illustrated in Figure 30.  

 

Figure 30: The frequency filtering effect of the rotating inertia is demonstrated by measuring the grid 

frequency (at the autotransformer) and comparing it with the DFIG stator frequency.  

The filtering effect of the inertia is shown by the fact that the sign of the derivative of the 

frequency before the motors changed values 2316 times in 10 sec.  It change only 111 

times after the inertia.  A zoom in of the pre-motor frequency (upper right plot) visibly 

shows the noise.  The zoom in of the post-motor frequency (bottom right) shows that the 

high frequency noise is filtered out.  The FFT of the pre-motor and post-motor waveforms 

confirms these observations, as shown in Figure 31 and Figure 32.   
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Figure 31: The FFT of the pre-motor frequency shows that the noise comes from components at 60 Hz 

and 120 Hz.   

 

Figure 32:  The FFT of the post-motor frequency shows that the inertia of the motors filters out the 60 
Hz and 120 Hz components.  This is consistent with the simulation results. 

Test 4: Setting the Frequency of the Power System 

Because the SCIM in the smaller motor set is synchronous, this hardware set is ideally 

suited to show how the utility sets the frequency of the grid.  A step command of current 

(load) is sent to the GTI and the resulting motor frequency is shown in Figure 33.  
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Figure 33: For a given amount of generation the load is changed in step values.  This represents 
control of the power system frequency.   

 

5.2.3 Test Setup 3: A Large Motor/Generator Set to Demonstrate Inertial Power 

The larger motors can reliably handle sizeable step changes in load.  The SCIM has 4-poles 

and the DFIG has 6-poles.  They are used in the circuit of Figure 34 to demonstrate the 

value of inertial response to frequency stabilization.   
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Bank

480V/208V

AC/AC

 

Figure 34: The inertial response hardware utilizes a 230 kW asynchronous induction machine (green) 
and an 80 kW doubly-fed induction generator (gray) as the motor/generator set.  In the foreground 

triple parallel DC supplies are used to excite the rotor.   

A measurement of the value of J, the inertia of the coupled shaft, is made based on a 

torque response test.  A step torque of 20 Nm is applied to the SCIM (with the DFIG 

unloaded) and the speed of the response is measured as shown in Figure 35.  
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Figure 35: The speed response of the motor/generator as a result of a step torque.  The slope of this 
line is used to calculate the shaft’s inertia.  The coupled shaft turns at the speed indicated (blue) as a 
result of a step torque of 20 Nm being applied to the SCIM (green).   

The speed rate of change, 
𝑑𝜔

𝑑𝑡
, in response to the torque step change is measured to be 4.66 

𝑟𝑎𝑑

𝑠2 .  The maximum speed at the end of the period of acceleration is 42 
𝑟𝑎𝑑

𝑠
, which is only 

approximately 25% of the rated machine speed.  Therefore the effect of friction is neglected 

and equation (33) can be approximated as (34).  With an applied electromechanical torque 

of 20 Nm and an observed acceleration of 4.66 
𝑟𝑎𝑑

𝑠2  , the motor/generator inertia is estimated 

as (35).   

                                𝑇𝑒𝑚 − 𝐵𝜔 = 𝐽
𝑑𝜔

𝑑𝑡
                                 (33) 

 

                               𝐽 =
𝑇𝑒𝑚
𝑑𝜔
𝑑𝑡

 [
𝑁𝑚𝑠2

𝑟𝑎𝑑
]                                 (34) 

 

                                       𝐽 ≈ 4.29                                         (35) 

Test 6 

     Inertia delivers power based on the changing rate of speed.  When the rotating shaft 

changes speed due to a frequency disturbance then it will respond with energy, which is 

why it works well in this application.  The power can be described by the following equation:  

                                                    𝑃𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 𝐽𝜔 
𝑑𝜔

𝑑𝑡
                                              (36) 
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A step change of speed [rpm] is commanded to the SCIM: [1202 1222 1202 1802 1202].   

This results in the DFIG frequency tracking this change, as shown in Figure 36.   

     The control system, which is configured to run according to Fig. 3, sees the change in 

frequency of up to 1 Hz, and commands up to 12 kW to respond to the event.  That 

response is measured in actual hardware and plotted in red.  Next the inertial response is 

calculated based on the equation listed above, using 4.29 for J and the measured values of 

.  It is plotted in dark blue on the bottom graph.   

 

Figure 36: A microgrid frequency deviation event is simulated with the change of SCIM speed, which is 
tracked by the DFIG speed.  The microgrid frequency stabilization system responds with energy from 
the inertia (dark blue, bottom plot) and the supercapacitors (red).  The inertial response is delivered 
instantaneously, followed by the control system, and serves to stabilize the frequency.    

     The inertia from the motor/generator set is not activated by a control system.  It 

delivers instantaneous, analog frequency response, acting like a spinning flywheel that 

dissipates kinetic energy after a change in frequency.  This demonstrates the stabilization 
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effect that rotational inertia has on the microgrids.  The red plot shows the frequency 

response from the control system.  Figure 36 shows the effective way that the energy from 

the inertia and the supercapacitors is staged as a result of a frequency deviation event.   
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6. Future Work 

The research presented in this thesis can be expanded in the following ways:  

 The simulation in this research can be advanced by precisely measuring the machine 

parameters such as terminal inductances, resistances, and inertia and implementing 

those values in the simulation initialization file (see Appendix B).   

 The simulation can be expanded to include a power flow analysis and a fault study 

analysis.  A single-line-to-ground fault in the transmission system, for example, will 

affect not only the frequency but the voltage of the generators.   

 The SCIM in the large motor generator set (Figure 34) is controlled via the Kenetech 

AC/AC converter with 5 kHz PWM.  In order to measure the power flow at the SCIM 

terminals accurately, a time step of 1e-5, or 100 kHz frequency, is required from the 

data measurement hardware.  It is not feasible to collect data at this resolution with 

the current dSPACE hardware.  Future work can address this limitation.     

 A clear definition of what constitutes a microgrid is lacking from the IEEE literature.  

This should be addressed.  The amount of inertia, for example, can be used to 

determine whether a power system is defined as a microgrid or a macrogrid.    

 Future studies can include recommended minimal levels of inertia, such as simulating 

different ratios of synchronous generation and load (inertia) to non-inertial 

generation resources such as solar and wind and non-synchronous load.  An analysis 

of the sensitivity of power system frequency to inertial capacity may prove to be 
insightful to microgrid designers.   
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7. Conclusion 

Places like Hawaii and Vietnam would like to integrate more renewables and become less 

vulnerable to the fluctuating prices of fossil fuels.  Researchers have identified a challenge 

for microgrid environments like these in that wind and solar energy sources do not add real 

inertia to the power system.  This research addresses that by adding rotational inertia to 

microgrids.  Inertia not only stabilizes the power system frequency, but it filters it as well.  

When used together the motor generator set and supercapacitors deliver a robust frequency 

response with immediate power from the inertia followed by the short term response of the 

control system.   
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Appendix A: Extended Literature Review 

Article: Ziegler-Nichols based Controller Parameters Tuning for Load Frequency Control in a 

Microgrid [15] 

Mallesham et al. simulate a small scale microgrid consisting of the following sources and 

storage elements: 

Source Element Storage Element 

Wind Battery 

Solar Flywheel 

Diesel Generator Aqua Electrolyzer 

Fuel Cell  

Table 2: The sources and loads that comprise the microgrid designed by Mallesham et. al [15].  Their 
research designs the PID controllers for these elements to add them together in a way that minimizes 
mismatch between real power generation and load demand.   

A Ziegler-Nichols based algorithm is used to tune the PID controllers that interface each 

element into their control system.  The goal of the controller is to reduce the error between 

real power generation and load demand in order to minimize power and frequency 

deviations in the microgrid.  First a frequency bias parameter is generated to characterize 

each element and then the respective PID coefficients are calculated with an Integral 

Square Time Error applied to the output power, and the Ziegler method on tuning PID 

parameters.    

The research in [15] cites the following motivation for microgrid implementations: 

 Small capacity renewables generation that are consumed near load centers 

provides more reliability of service and decreased transmission losses.   

 Enables bulk customers to save money by generating their own electricity 

during times of peak pricing at the macrogrid.  This benefits not only the 
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microgrid operator but it improve the efficiency, reliability, and security of the 
large and centralized plants.   

The challenge in integrating the various elements in their microgrid is the intermittent 

nature of power output of wind and solar, and the delay in output from the storage 

elements.  Each element is assigned a Gain and Time Constant such that their transfer 

function is  

𝐾𝑔𝑎𝑖𝑛

1 + 𝑠𝐾𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 

The capacity of each element, the rated output power, is assigned a p.u. value for the 

simulation.  The diesel generator holds the largest p.u. value.  The elements are rated as 

follows: 

Element 𝐾𝑡𝑐 𝐾𝑔𝑎𝑖𝑛 Capacity 

Diesel Generator* 2 sec 1 0 - 0.8 p.u. 

Aqua Electrolyzer 0.2 sec 1 0 – 0.2 p.u. 

Fuel Cell 4 sec 1  0 – 0.3 p.u.  

Battery 0.1 sec 1 -0.5 – +0.5 p.u.  

Flywheel 0.1 sec 1 -0.5 – +0.5 p.u. 

Table 3: The time constants and p.u. power capacity of each source is assigned according to this 
table.  

*The diesel generator has two time constants, one for the generator, and one for the valve 

mechanism.  The Ktc_valve = 20 sec.   

The wind and solar power outputs are modelled as dc sources, and will later be 

simulated to fluctuate.   
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The frequency of the microgrid will deviate depending on the domination of 

generation or load.  Due to the time delay between the system frequency deviation and the 

power deviation, a transfer function is created to model the frequency change divided by 

the p.u. power change as follows: 

𝐺𝑠𝑦𝑠𝑡𝑒𝑚 =
∆𝑓

∆𝑃𝑒

=
𝐾

𝑀𝑠 + 𝐷
 

Where ∆𝑓 is the change in frequency, ∆𝑃𝑒 is the change in power generation minus the load 

power, K is the system frequency character coefficient, M is the inertia constant and D is the 

Damping constant.   

 The Ziegler-Nichols method of tuning PID controllers is used.  A frequency bias 𝐾𝑓 of 

0.1 to 10 is swept for each element.  The system is made to oscillate by increasing 𝐾𝑝 and 

and setting 𝐾𝑖 and 𝐾𝑑  to zero until the ultimate limit 𝐾𝑢 is reached, where the output 

frequency of the system begins to oscillate with a period of 𝑇𝑢.  The disturbance input to 

create the oscillation in the output is an increase in load demand from 0.9 p.u. to 0.95 p.u.  

For each set of 𝐾𝑓, 𝐾𝑢, and 𝑇𝑢 the controller gains 𝐾𝑝,𝑖,𝑑 are calculated and the frequency 

deviations against time are calculated for the power disturbance mentioned above.  The 

values of J is calculated by  

𝐽 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑇𝑖𝑚𝑒 𝑆𝑞𝑢𝑎𝑟𝑒 𝐸𝑟𝑟𝑜𝑟 (𝐼𝑇𝑆𝐸) = ∫ 𝑡∆𝑓2 𝑑𝑡

𝑡

0

 

Controller Kp Ki Kd 

P 0.5 Ku - - 

PI 0.45 Ku 1.2 Kp / Tu - 
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PID 0.5 Ku 2 / Tu Tu / 8 

Table 4: Calculating the PID coefficients based on the Ziegler-Nichols method.    

The gains associated with the least value of the ITSE is chosen as the optimal one.  

The five sources listed in Table 3 are now tuned by calculating Ku and Kf in a sequential 

manner, i.e. considering one source after the other.    

The complete control system can now be constructed.  Each PID controller inputs ∆P 

and ∆f value and outputs each elements power contribution to the current condition.  These 

power sources, along with solar and wind outputs, are summed and the load is subtracted.  

This forms the ∆P, the input to the plant (𝐺𝑠𝑦𝑠𝑡𝑒𝑚).  The output of the plant is ∆f.   

Various wind, solar and load disturbances are modeled and the frequency response is 

measured.  Their results show that the tuned PID controllers keep the microgrid frequency 

stable under all the simulated conditions.      

Article: Dynamic Behavior Modeling and Verification of Advanced Electrical-Generator Set Concept 

[7] 

Electrical generator sets (EGS) run most efficient when the driving engine (diesel or 

gasoline) runs continuously at its rated speed.  Therefore Leucter et. al. investigate the use 

of an energy storage element in order to operate the motor set efficiently at variable-

speeds.  Their analysis showed that the majority of EGSs operate at low-load conditions 

(<30% of rated continuous load), which is exactly where the system demonstrates its 

lowest efficiency.   

 A variable-speed constant-frequency (VSCF) drive is used to convert the variable 

speed of the driving engine to a DC link and then inverting it to deliver a constant output 

voltage and frequency to the load.  This is used in aircraft generators and in some wind-
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power generators.  The drawback to this approach is the inferior engine-generator dynamics 

in the case of a step change in power output.  When the engine cannot deliver the 

requested torque the speed is decreased until an undesirable stop.  The diesel engine’s 

response to a change in input has a time constant of a few seconds, as limited by fuel 

injection.  The solution proposed by this research is to bypass that delay by detecting 

transient situations and then introducing an energy buffer (EB), or capacitor, that will feed 

the DC link of the output inverter with extra energy during transient situations.  The authors 

assembled an experimental model to test their system design.   

 A control system is created to input the diesel engine speed and load current.  This is 

typically implemented in VSCF drive applications.  The output of the controller is the new 

diesel speed command and the VSCF DC/DC converter duty ratio.  The authors demonstrate 

that this model shows poor behavior by applying step-loads and measuring the amount of 

time that the engine is unable to deliver torque to the load.  A software model is created to 

be able to first analyze the dynamic conditions so that a system can then be designed to 

improve them.   

The simulation results show that the electromagnetic transient times are negligible in 

comparison with the mechanical and electromechanical time constants of both the driving 

engine and generator.  This leads the authors to bypass the motor set during transient 

conditions (e.g. from low load to high load).  Their solution is to design an energy storage 

unit with a bi-directional DC/DC converter that is added to the DC link of the VSFC.   The 

control system is also modified to command the unit to deliver energy during peak power 

transients.   
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Article: Investigation of the Inertia Response of the SCIG [6] 

Inertia response is the first reaction of the generator to a change in frequency in the 

power system.  Conventional synchronous generators have a high inertia response 

inherently, but with the increase in wind penetration, more DFIGs are being used on the 

grid.  SCIGs are used in wind plants in locations with fixed wind speeds because they are 

cheaper and need less maintenance than DFIGs.  An inertia response of the SCIG is 

therefore needed to understand its interaction with the grid.   

 The stored kinetic energy of the rotating inertia of a SCIG is given by (1) and the 

released kinetic energy resulting from a frequency disturbance is (2).  

            𝐸 =
1

2
𝑗𝜔2                             (1) 

         ∆𝐸 =
1

2
𝑗(𝜔2

2 − 𝜔1
2)                    (2) 

The released energy in (2), called inertia response, is injected into the grid.  This will have a 

smoothing effect on the drop in frequency.   The frequency of a system with a good inertia 

response does not make a sudden step change due to the imbalance of supply and demand.   

 Inertia response occurs when there is a decrease in system frequency, for example.  

The stator rotational field will decrease, which results in a reduced slip.  The torque of the 

generator can be described with equation (4).  When electromagnetic torque changes for 

any reason the (dr/dt) term becomes negative and the rotor speed will decrease causing 

the kinetic energy to release and a momentary increase in the output power of the 

generator.  This describes the favorable effect of inertial response towards frequency 

stabilization.   

𝑆 =  
𝑛𝑟−𝑛𝑠

𝑛𝑠
   (3) 
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                      𝑇𝑒 =
3𝑆𝑉𝑡ℎ

2

𝑅𝑟𝜔𝑠
                  (3) 

𝑃𝑚𝑒𝑐ℎ

𝜔𝑟
− 𝑇𝑒 = 𝑗

𝑑𝜔𝑟

𝑑𝑡
      (4)  

𝑃𝑜𝑢𝑡 = 𝑇𝑒𝜔𝑟   (5) 

 A simulation shows that a weak grid connected without a SCIG demonstrates a 

greater frequency deviation to a load fault than one that includes the machine.   

Article: Microgrid Topology for Different Applications in Vietnam [13]  

Electricity use has increased 14% per year in Vietnam over the last 15 years, and it is 

expected to continue to grow.  Currently the power is sourced from coal, oil, gas and 

hydropower.  Hydropower has reached a capacity ceiling because the ten major rivers of the 

country are “fully exploited.”  Domestic crude oil extraction actually decreased from 2006 to 

2008.  The fluctuation of oil prices may put the country in a difficult position to meet its 

energy needs, so the government is planning projects to increase the penetration of 

renewables and also distributed generation.  This research proposes microgrid topologies for 

various areas such as city buildings, a factory, a household, a small village and a rural farm.  

Resources include diesel generators, photovoltaic cells, wind turbines and also an energy 

storage system to support the bus voltages (DC and AC) when the connection to the main 

grid is disconnected.   

The analysis of the various areas shows 

A. A city building such as the Danish Embassy building in Vietnam has a strong grid but 

a low potential for a build out of renewable resources such as a wind farm.  However, 

distributed generation such as diesel generators and PV panels is attractive for 

supplying air-conditioning and lighting that can be served by a DC microgrid 

topology.  Critical loads such as hospitals require backup diesel generators.   
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B. Small town or villages hold a strong potential for PV arrays or wind farms to supply a 

large amount of electricity to the grid.  Generally they are located far from the 

electrical grid and have a weaker grid than big cities. 

C. A factory such as the Vinapipe steel factory is usually located far from the main grid, 

but the electricity demand is critical.  Because the grid is weaker these locations 

require back up energy sources such as diesel and wind.  Typically there is a lot of 

land to place solar arrays or wind farms.  A dc common bus topology is 

recommended.   

D. A city household is very price sensitive and has limited area, making small scale 

solar a possibility.  Reliability is important but not as important as critical loads.  

Household are wired for 220 V ac, so an AC common bus is recommended.     

E. A rural farm is ideally suited to the microgrid strategy because it has a large 

potential for distributed generation.  They are typically located far from the grid or 

completely isolated.  Loads are both DC and AC. 

The recommended rural farm topology includes PV and wind with a 400 V DC link that 

includes a bi-directional buck-boost converter and is supported by a battery system.  

Together with an IGBT-inverter the system can feed both DC and AC loads.   While there is 

no direct mention of inertia, part of the list of recommended future studies include, “system 

stability during load step.”    

 

Article: Impact of Calendar Life and Cycling Ageing on Supercapacitor Performance [11] 

Supercapacitor (SC) cells exhibit performance fading when used for months.  This research 

shows the fading with two types of tests: 1. Calendar life test to show cell degradation due 

to use at elevated voltage and temperatures, and 2. SC cycling during actual use in times of 

high power transfer.  An impedance model shows that real part of the impedance grows 

with use, and that capacitance decreases.  However, the way that they change is different.  

The shape of the equivalent series resistance is conserved during the calendar tests, and it 

is distorted in the power cycling test.  While manufactures advertise that SCs have a cycle 

life of up to 500,000 cycles, in real practice the cells can show performance fading in a 

matter of months.  (This article is geared towards electric vehicle applications.)  

Postmortem analyses show a change in atomic composition of the electrodes and assymetric 
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changes between the positive and negative electrodes.  The presence of surface 

functionalities can cause unwanted chemical reactions that lead to gas release (C02, H2).  

Other impurities such as traces of water inside the porous structures can cause undesirable 

performance fading.  A polymer used in manufacturing to stimulate electrode binding can 

also introduce molecules on the electrode surface that block part of the porous structure.   

 An interesting result was observed in between three sets of power cycling tests: a 

regenerative phenomenon.  The opposite of the power cycling results were exhibited by the 

cells: a temporary increase of capacitance and a decrease in resistance.   

 The calendar life test showed that the capacitance change is uniform across the 

whole electrode surface, while the power cycling changes depend on the surface pour sizes 

and frequencies.  In power cycling tests the degradation of capacitance is more severe than 

the calendar life test, and the capacitance decreases as the testing frequency increases.  

The resistance of the electrolyte increased during power cycling and showed no significant 

change during calendar life.   

Article: System Inertial Frequency Response Estimation and Impact of Renewable Resources in 

ERCOT Interconnection [9] 

Frequency control can be categorized as Inertial, Primary and Secondary – based on 

frequency response times of instantaneous, 12 to 14 seconds (governor action), and 

anywhere from seconds to minutes (AGC action) respectively.  Maintaining minimal levels of 

inertial capacity is an important part of ensuring reliable integration of renewable resources.  

ERCOT frequency events over the last four years have shown a trend towards declining 

inertial response.  This research presents an online tool to estimate inertia in real-time 

operations, with the measurement units in MW/0.1 Hz.      
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 Typically smaller inertia is observed during off-peak periods compared with peak 

periods due to less synchronously rotating mass online.  The impact of increase penetration 

of renewables on frequency response can be most dramatic during off-peak times.  In 

ERCOT a frequency lower than 59.70 Hz will trigger under frequency relays that would lead 

to load action that would typically respond in 20 to 30 cycles.  An event of under 59.3 Hz 

would lead to firm load shedding.   

 Wind turbines do not provide any frequency support due to the decoupling through 

power electronics devices.  Under common practice the system operator adjusts frequency 

control on a seasonal or annual basis.  D.P. Chassin et al. [19] develop computer models to 

compute the WECC inertial constant based on observed frequency transients.  Inoue et al. 

developed a procedure that also estimates the inertia constant based on measured 

frequency transients [20].  This research observes that with different levels of wind 

penetration that a measurement methodology is required for ERCOT.   

 The rate of change of frequency due to an imbalance in supply (or load) depends on 

system inertia.  Inertia is directly proportional to synchronously rotating mass, including 

generation and load.    The equation to calculate the rate of change of frequency using 

system inertia constant (H) is  

𝑑𝑓

𝑑𝑡
=

∆𝑃

2𝐻
𝑓0 + 

𝐷

2𝐻
∆𝑓 

H: Inertia constant on system base (seconds) 

D: Load dampening (p.u./Hz) 

f0: frequency at the time of disturbance (Hz) 

𝑑𝑓

𝑑𝑡
 : Rate of change of frequency (Hz/sec) 

∆P: (PL-PG)/PG, per unit in system load base 

PL: Load prior to generation loss (MW) 
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PG: System Generation after loss (MW 

∆f: Change in frequency (Hz) 

The authors assume the load dampening, D, to be zero which simplifies the equation.   

The following plot shows two significant frequency events:  

3.  July 2009 due to a loss of an 890 MW generator unit.  Load was 49,209 MW with 

675 MW of wind in service.  

4. March 2010 due to a loss of an 837 MW generator unit.  Load was 23,655 MW 
with 4,300 MW of wind in service.   

 

Figure 37: Two ERCOT frequency disturbance events that were both caused by the loss of a generator.  
The 2010 event (dotted blue) shows a significantly higher df/dt of .07 Hz/sec than the 2009 event 
(red) at .03 Hz/sec.  This is partly due to the significant increase of wind generation in service.      

 

ERCOT data shows a high coorelation between inertial frequency and system load.  The 

estimation tool also considers total on-line conventional generation, spinning reserves, and 

ratio of wind-generation to total generation.   
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Article: Enhancing the Stability of an Autonomous Microgrid using DSTATCOM [10] 

This research proposes a method of power sharing on a microgrid with multiple 

distributed generators (DG) that are assumed to be connected with voltage source 

converters and therefore “inertia-less.”  Also, the load is assumed to be totally passive.  A 

distribution static compensator (DSTATCOM) is connected to provide ride-through capability 

during power imbalance situations, thereby enhancing stability.  When the power generation 

of the DGs is less than the load demand, then some load needs to be shed, and the 

DSTATCOM is used to supply power temporarily, from a dc capacitor, to make sure that the 

load is shed appropriately (before a cascading outage occurs).  The size of the capacitor can 

be determined by the amount of time required for detection and breaker opening.    

Article: Design of Controller and Communication for Frequency Regulation of a Smart Microgrid 

[12] 

This research models a microgrid with solar, wind, diesel, fuel cell, aqua-electrolyzer, 

hydrogen storage, and a battery.  A central controller makes decisions on power sharing 

and the status is communicated to the various agents over the internet with a User 

Datagram Protocol/Internet Protocol (UDP/IP).  During a frequency event a battery is used 

to arrest the deviation.  The battery de-rating is minimized by only it to handle transients 

and floating it during steady state.  Because of the generation rate constraint (GRC) of the 

microgrid, the tuning of the controller parameters and frequency bias is a non-linear task, 

and the study uses an evolutionary technique called bacterial foraging optimization (BFO) to 

do so.   

 BFO is proposed by Passino [21].  The algorithm is applied to calculate the various 

controller coefficients Kpi and KIi dynamically, according to the current conditions.  That is, a 
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set of coefficients used for a particular frequency disturbance may not be optimal for 

another.  The battery acts like a slack bus and the goal is to stabilize its power and state of 

charge.  Each bacterium, or set of values to be optimized, are allowed to take on all possible 

values and the objective function, which is the ITSE, defined by equation () below, is 

minimized.   

𝐽 =  ∫ {(∆𝑓)2 + (∆𝑃𝑏)
2 + (∆𝑄𝑏)

2}𝑡𝑑𝑡
𝑇𝑠𝑖𝑚

0
 () 

Details of filling out the parameters of BFO algorithm are documented in [12].  The other 

issues of importance to this scheme is the sampling time of the ADC that interface with the 

UDP/IP protocol.  The data showed a very small deviation in system frequency response 

from Ts = 0.01 sec … 0.9 sec.   

Article: Wind Turbines Emulating Inertia and Supporting Primary Frequency Control [8] 

Normally the controller of a wind turbine will produce a torque setpoint that keeps the 

blades at a speed that produces maximum power for a given wind speed.  This research 

proposes the addition of a second controller to account for grid inertia.  It can adjust the 

torque set point as a function of the change of grid frequency ∆f and of the rate of change 

of grid frequency, df/dt.    

Technical Document: Balancing and Frequency Control: A Technical Document Prepared by the 

NERC Resources Subcommittee [1] 

There are two inputs to the Balancing Authorities' control process [3]: 

• Interchange error – the difference between what it is scheduled to import or export 

to a neighboring Authority and what actually happens.   
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• Frequency Bias – the amount of power that a Balancing Authority's is required to 

provide to assist in stabilizing frequency.  If frequency goes low, for example, they are 

required to contribute a certain amount of extra generation to correct the condition.  The 

bias is proportional to the size of the load.    

Customer demand and generation are continually changing, therefore there will 

usually be an unintended interchange error at any given time.  This mismatch, along with 

the Balancing Authority's “frequency bias” obligation to stabilize frequency, is represented 

by a real time value called Area Control Error (ACE), measured in MW.  ACE is continually 

monitored and kept within limits that are proportional to the size of an Authority's load.  

Over-generation makes ACE go positive, and will contribute to a higher frequency.  A large 

negative ACE will cause frequency to drop.  A highly variable or noisy ACE can lead to a 

similarly noisy frequency.  Therefore, the effect of ACE on frequency depends on the sign of 

both the ACE signal and the frequency error.  (Note that frequency error can be caused by 

things like equipment faults and other factors that are not encompassed by ACE.)   

There are two inputs to the Balancing Authorities’ control process2: 

• Interchange Error, which is the net outflow or inflow compared to what it is scheduled to 

be buying or selling. 

• Frequency Bias, which is the Balancing Authority’s obligation to provide or absorb energy 

to assist in stabilizing frequency. In other words, if frequency goes low, each Balancing 

Authority is asked to contribute a small amount of extra generation in proportion to its 

system’s established bias. 

Standards have been established for limiting the magnitude and direction of a 

Balancing Authority's ACE.  The equation for ACE is 
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ACE=(NIa-NIs) – 10B(Fa-Fs)-Ime 

where: 

 NIa is Net Interchange, Actual 

 NIs is Net Interchange, Scheduled 

 B is Balancing Authority Bias 

 Fa is Frequency, Actual 

 Fs is Frequency, Scheduled 
 Ime is Interchange (tie line) Metering Error 

NIa is the algebraic sum of tie line flows between the Balancing Authority (BA) and the 

interconnection.  NIs is the net of all scheduled transactions with other BAs.  The 

combination of the two, Nia-NIs represents the ACE associated with meeting schedules, 

without consideration for frequency error or bias, and if used by itself for control is named 

“flat tie line” control.   

The term 10B(Fa-Fs) is the BA's obligation to support frequency.  B is the BA's frequency 

bias, stated in MW/0.1Hz (B's sign is negative).  The 10 converts the units to MW/Hz.  Fs is 

normally 60 Hz but may be offset +- 0.02 Hz for time error corrections.  Control using a 

“10B(Fa-Fs)” by itself is called “flat frequency” control.   

Ime is a correction factor for meter error.  The meters that measure instantaneous flow 

are not always as accurate as the hourly meters on tie lines. 

ACE Calculation Example 

Assume a BA with a bias of -50 MW / 0.1 Hz is purchasing 300 MW.  The actual flow into the 

BA is 310 MW.  Frequency is 60.01 Hz.  Assume no time correction or meter error. 

ACE=(-310—300)-10*(-50)*(60.01-60.00)=-10+5=-5 MW.   

In this case the BA should generate 5 MW more to meet its obligation to the 

interconnection.  Even though it might appear counterintuitive to increase generation when 



 

 

 

                                                                                                                      65 

frequency is high, the reason is that this BA is more energy-deficient at this moment (-10 

MW) than its bias obligation to reduce frequency (-5 MW).  The decision to correct the -5 

MW error or not would be driven by control performance standard (CPS) compliance.   

Bias (B) vs. Frequency Response (Beta) 

There is a difference between Frequency Bias and Frequency Response.   

Frequency response, defined by NERC glossary 7, is the mathematical expression of the net 

change is BA's Net Actual Interchange (Nia) for a change in interconnection frequency.  It is 

a fundamental reliability service provided by a combination of governor and load response.  

Frequency response represents the actual MW primary response contribution to stabilize 

frequency following a disturbance.   

Bias is an approximation of Beta (Frequency Response) used in the ACE equation.  Bias 

prevents AGC withdrawal of frequency support.  If Bias and Response were exactly the 

same a Balancing Authority would not see a change in ACE following a frequency decline, 

even though it provided a MW contribution to stabilize frequency.   

Bias and Frequency Response are both negative numbers.  In other words, as frequency 

drops, MW output (Bias) or desired output (Response) increases.  Both are measured in 

MW/0.1Hz.   

Early research (Cohn) found that it is better to be over-biased (absolute value of Bias 

greater than the absolute value of Response) than to be under-biased.   
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Appendix B: Simulation Initialization Code 

 

  
%Rick Crispo 
%Oregon State University, masters thesis work.  
%Advisor Dr. Ted Brekken.   

  
%motormodelinit.m, this is Init File for motormodelsimulink.mdl 

  
%Reference: Advanced Electric Drives, Ned Mohan.  

          
Ts=1e-4; 
j=sqrt(-1) 

  
f=60; %2xfed running at sync freq 60Hz 
Wsyn=2*pi*f; %synchronous electrical freq. 

  
GM.nrated=1780; 
GM.p=4; %Number of poles 
GM.nrated=1780;   
GM.VLLrms=460; %Vrated L-L, rms 
GM.Rs=1.77; 
GM.Rr=1.34; 
GM.Xls=5.25; 
GM.Xlr=4.57; 
GM.Xm=139; 
GM.Ls = (GM.Xls + GM.Xm) / (2*pi*f); 
GM.Lm = GM.Xm / (2*pi*f); 
GM.Lr = (GM.Xlr + GM.Xm) / (2*pi*f); 
GM.J=.036; 
GM.B=0.0014; 
GM.Nsyn=Wsyn*(30/pi)*(2/GM.p); 
GM.slip=(GM.Nsyn-GM.nrated)/GM.Nsyn; 
GM.Wm=(1-GM.slip)*Wsyn;  

  
DF.nrated=1780; 

  

  
DF.p=4; %Number of poles 
DF.slip=(1800-DF.nrated)/1800; 
DF.VLLrms=460; %Vrated L-L, rms 
DF.Rs=1.77; 
DF.Rr=1.34; 
DF.Xls=5.25; 
DF.Xlr=4.57; 
DF.Xm=139; 
DF.Ls = (DF.Xls + DF.Xm) / (2*pi*f); 
DF.Lm = DF.Xm / (2*pi*f); 
DF.Lr = (DF.Xlr + DF.Xm) / (2*pi*f); 
DF.J=.3;  
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%DF.J=2.15;  
DF.B=0.0014; 
%DF.B=0; 
DF.Nsyn=Wsyn*(30/pi)*(2/DF.p); 
DF.slip=(DF.Nsyn-DF.nrated)/DF.Nsyn; 
DF.Wm=(1-DF.slip)*Wsyn;   

  
% Phasor Calculations for Green Machine 
GM.Va = GM.VLLrms * sqrt(2)/ sqrt(3);                 % Va phasor 
GM.Zrotor = j*GM.Xlr + GM.Rr/GM.slip;  % Equivalent Rotor Branch Impedance 
GM.Zm = j*GM.Xm;                     % Magnetizing Impedance 
GM.Zeq = (GM.Rs+j*GM.Xls)+(GM.Zm*GM.Zrotor)/(GM.Zm+GM.Zrotor);% EquImp  
GM.Ia = GM.Va / GM.Zeq;                            % Ia phasor 
GM.Ema = GM.Va - (GM.Rs + j*GM.Xls) * GM.Ia; % Voltage across the magnetizing 

branch 
GM.Iraprime = GM.Ema / GM.Zrotor;   % Rotor branch current phasor 

  
GM.Wmech_0=(2/GM.p)*GM.Wm 

  
%Same Phasors for Doubly Fed 

  
DF.Va = DF.VLLrms * sqrt(2)/ sqrt(3);    % Va phasor 
DF.Zrotor = j*DF.Xlr + DF.Rr/DF.slip; % Equivalent Rotor Branch Impedance 
DF.Zm = j*DF.Xm;                      % Magnetizing Impedance 
DF.Zeq = (DF.Rs + j*DF.Xls)+(DF.Zm*DF.Zrotor) /(DF.Zm +DF.Zrotor);    % 

Equivalent Impedance  
DF.Ia = DF.Va / DF.Zeq;                                  % Ia phasor 
DF.Ema = DF.Va - (DF.Rs + j*DF.Xls) * DF.Ia;% Voltage across the magnetizing 

branch 
DF.Iraprime = DF.Ema / DF.Zrotor;        % Rotor branch current phasor 

  
DF.Wmech_0=(2/DF.p)*DF.Wm 

  
% Space Vectors at time t=0 with stator a-axis as the reference 
GM.Vs_0 = (3/2) * GM.Va;                % Vs(0) space vector 
GM.Is_0 = (3/2) * GM.Ia;               % Is(0) space vector  
GM.Theta_Is_0 = angle(GM.Is_0);       % angle of Is(0) space vector 
GM.Ir_0 = (-1) * (3/2) * GM.Iraprime; % Ir(0) space vector;  
GM.Theta_Ir_0 = angle(GM.Ir_0);       % angle of Ir(0) space vector 
% Assume that at t=0, d-axis is aligned to the stator a-axis.   
%Therefore, Theta_da_0=0 
GM.Theta_da_0 = 0; 
GM.Isd_0 = sqrt(2/3) * abs(GM.Is_0) * cos(GM.Theta_Is_0 - GM.Theta_da_0);  
GM.Isq_0 = sqrt(2/3) * abs(GM.Is_0) * sin(GM.Theta_Is_0 - GM.Theta_da_0); 
GM.Ird_0 = sqrt(2/3) * abs(GM.Ir_0) * cos(GM.Theta_Ir_0 - GM.Theta_da_0); 
GM.Irq_0 = sqrt(2/3) * abs(GM.Ir_0) * sin(GM.Theta_Ir_0 - GM.Theta_da_0); 

  
% Calculation of machine inductances  
GM.Ls = (GM.Xls + GM.Xm) / (2*pi*f); 
GM.Lm = GM.Xm / (2*pi*f); 
GM.Lr = (GM.Xlr + GM.Xm) / (2*pi*f); 
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% Inductance matrix M in Eq. 3-61 
GM.M = [GM.Ls 0  GM.Lm 0 ;... 
     0  GM.Ls 0  GM.Lm;... 
     GM.Lm 0  GM.Lr 0 ;... 
     0  GM.Lm 0  GM.Lr]; 

  
% Flux Linkages 
GM.fl_dq_0 = GM.M * [GM.Isd_0; GM.Isq_0; GM.Ird_0; GM.Irq_0];    % dq-winding 

fluxes in vector form, Eq. 3-61 
GM.fl_sd_0 = GM.fl_dq_0(1) 
GM.fl_sq_0 = GM.fl_dq_0(2)          
GM.fl_rd_0 = GM.fl_dq_0(3) 
GM.fl_rq_0 = GM.fl_dq_0(4) 

  
% Electromagnetic Torque, which equals Load Torque in Initial Steady State 
GM.Tem_0 = (GM.p/2) * GM.Lm * (GM.Isq_0 * GM.Ird_0 - GM.Isd_0 * GM.Irq_0)    

% Eq. 3-47 
GM.TL_0 = GM.Tem_0 

  
% Space Vectors at time t=0 with stator a-axis as the reference 
DF.Vs_0 = (3/2) * DF.Va;                                      % Vs(0) space 

vector 
DF.Is_0 = (3/2) * DF.Ia;                                      % Is(0) space 

vector  
DF.Theta_Is_0 = angle(DF.Is_0);                               % angle of 

Is(0) space vector 
DF.Ir_0 = (-1) * (3/2) * DF.Iraprime;                         % Ir(0) space 

vector; notice factor of (-1); see Fig. 3-11  
DF.Theta_Ir_0 = angle(DF.Ir_0);                               % angle of 

Ir(0) space vector 
% We will assume that at t=0, d-axis is aligned to the stator a-axis.  

Therefore, Theta_da_0=0 
DF.Theta_da_0 = 0; 
DF.Isd_0 = sqrt(2/3) * abs(DF.Is_0) * cos(DF.Theta_Is_0 - DF.Theta_da_0); % 

Eq. 3-64 
DF.Isq_0 = sqrt(2/3) * abs(DF.Is_0) * sin(DF.Theta_Is_0 - DF.Theta_da_0); % 

Eq. 3-65 
DF.Ird_0 = sqrt(2/3) * abs(DF.Ir_0) * cos(DF.Theta_Ir_0 - DF.Theta_da_0); 
DF.Irq_0 = sqrt(2/3) * abs(DF.Ir_0) * sin(DF.Theta_Ir_0 - DF.Theta_da_0); 

  
% Calculation of machine inductances  
DF.Ls = (DF.Xls + DF.Xm) / (2*pi*f); 
DF.Lm = DF.Xm / (2*pi*f); 
DF.Lr = (DF.Xlr + DF.Xm) / (2*pi*f); 

  
% Inductance matrix M in Eq. 3-61 
DF.M = [DF.Ls 0  DF.Lm 0 ;... 
     0  DF.Ls 0  DF.Lm;... 
     DF.Lm 0  DF.Lr 0 ;... 
     0  DF.Lm 0  DF.Lr]; 

  
% Flux Linkages 
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DF.fl_dq_0 = DF.M * [DF.Isd_0; DF.Isq_0; DF.Ird_0; DF.Irq_0];    % dq-winding 

fluxes in vector form, Eq. 3-61 
DF.fl_sd_0 = DF.fl_dq_0(1) 
DF.fl_sq_0 = DF.fl_dq_0(2)          
DF.fl_rd_0 = DF.fl_dq_0(3) 
DF.fl_rq_0 = DF.fl_dq_0(4) 

  
% Electromagnetic Torque, which equals Load Torque in Initial Steady State 
DF.Tem_0 = (DF.p/2) * DF.Lm * (DF.Isq_0 * DF.Ird_0 - DF.Isd_0 * DF.Irq_0)    

% Eq. 3-47 
DF.TL_0 = DF.Tem_0 

  
% Equations to model the WESRF supercap bank  
% Rick Crispo 

  
% Reference: "Two Layer Control Scheme for a Supercapacitor Energy Storage 
% System coupled to a Doubly Fed Induction Generator," Syed, Venkatesh, Wu, 
% Nassif, Electric Power Systems Research. 

  
%Supercap bank model and sizing 

  
%clear;  
%clc; 
%cell = one supercap  
%string = a series connection of ns caps 
%bank = the entire equivalent capacitance (np parallel strings)  

  
%Maxwell Datasheet values:  
CB.Rcell=0.29e-3; %Equivalent Series Resistance (ESR), max initial, Maxwell 

Datasheet  
CB.Vcellmax=2.85; %Absolute max, Maxwell datasheet 
CB.Vcell=2.7; %Rated voltage, Maxwell datasheet 
CB.Ccell=3000; %Rated capacitance 

  
CB.Estoredcell=3.04; %in [Wh]  
CB.Especificcell=6.0*510/1000; %Specific Energy in [Wh], 510 is typical weigh 

in [g].  

  
CB.Imax15=130; %Max continuous current at delta T = 15 degrees C. 
CB.Imax40=210; %Max continuous current at delta T = 40 degrees C. 

  
CB.Imaxpeak=600; %Max peak current 1 second, non-repetitive.   

  
%WESRF Cap Bank Configuration 
CB.ns=164; %ns=108; %a string is a series connection of ns cells 
CB.np=2; %np=3; %parallel connection of np strings 

  
%Parameters to set 
%Vbankmin= ; %Minimum Voltage Threshold 
%Ibankmax;  
%Pbank 
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%Calculations 
CB.Vstring=CB.Vcell*CB.ns; 
CB.Rstring=CB.ns*CB.Rcell; %ESR of string 
CB.Cstring=CB.Ccell/CB.ns; %string capacitance 
CB.Ibankmax=CB.Imax15*CB.np; %Or, from paper: Pbank/Vbankmin; %max current of 

bank  
%np=Ibankmax/Icell;  %calculate number of strings to achieve current 
CB.Vbank=CB.Vstring;  
CB.Cbank=CB.np*CB.Cstring; %Total bank capacitance 
CB.Rbank=CB.Rstring/CB.np; %Total ESR 
CB.Ebank=0.5*CB.Cbank*(CB.Vbank^2); %Energy Stored in bank  
%Cbank=(2*Ebank)/((Vs-Vbankmin)^2;  %Where Ebank=Pc 
CB.kW_hr=CB.Ebank*(2.777777e-7); % 1[J]=2.77 [kW-hr] 
CB.kW_min=CB.kW_hr*60; % 1[kW_hr]=60[kW_min] 
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