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the engine system are considered. These configurations are identified by the shafts that possess EMs. The dual-spool 
configuration has EMs on both spools, the high pressure spool (HPS) configuration has a single EM coupled to the 
HPS, and the low pressure spool (LPS) configuration has a single EM coupled to the LPS.  

The paper is organized as follows. Section II summarizes details and observations about the TEEM technology 
made in Reference 8 that are relevant to the effort documented in this paper. Section III gives a brief overview of the 
AGTF30 model that serves as the platform for this study. Section IV describes the control aspects to implementing 
the TEEM concept in this application. Section V describes the control logic used to implement TEEM. Section VI 
presents simulation results that illustrate the proper operation of the controllers throughout the entire flight envelop. 
In addition, operation of the TEEM control logic is illustrated over an entire civil transport mission, and an example 
of transient performance is illustrated for a burst-and-chop transient scenario at sea level static (SLS) conditions. 
Finally, Section VII provides some concluding remarks. 

II. TEEM Observation Review 
Reference 8 demonstrated feasibility of the TEEM concept while being applied in simulation to the hFan engine 

model. The hFan engine model has a 1380 hp motor on the LPS and it was assumed to have a starter motor on the 
HPS. Results demonstrated that the function of the Low Pressure Compressor (LPC) stability bleed valve, otherwise 
known as a Variable Bleed Valve (VBV), could be replaced with power modulation on the engine shafts via EMs. To 
provide the same LPC stall margin maintained solely by the VBV, power extraction on the LPS and or power addition 
on the HPS is required. When it comes to implementation of the transient operability concept of TEEM, it was shown 
through simulation that the appropriate torque or power input on the shafts can keep an engine operating on its steady-
state operating line. To achieve this, the torque inputs on the shafts were made such that the steady-state speed vs. fuel 
flow relationship was satisfied. This requires power addition on both spools during acceleration transients and power 
extraction on both spools during deceleration transients. However, it was discovered that power modulation is not 
required on both shafts simultaneously in order to achieve an operability benefit. Applying power to the HPS during 
acceleration transients and extracting power from the LPS during deceleration transients was sufficient to address the 
transient operability issues. Furthermore, it was found that the full amount of power required to maintain the 
steady-state operating lines was not necessary and could be substantially reduced without significantly impacting the 
operability benefits. It was determined that a 1200 hp EM on the LPS and a 200 hp EM on the HPS was sufficient to 
prevent significant stall margin undershoot during the engine transients. This is within the realm of capabilities for the 
LPS EM present in the hFan concept and an electric starter motor on the HPS. Knowledge gained from these studies 
has been leveraged in the development of controls for the application in this paper. 

III. Overview of the AGTF30 Engine Model 
The AGTF30 is a high bypass turbofan engine capable of producing 30,000 lbf of thrust at SLS conditions. The 

AGTF30 engine model is coded in the MATLAB/Simulink environment and was developed using the Toolbox for 
Modeling and Analysis of Thermodynamic Systems (T-MATS) (Ref. 12). The AGTF30 was created to match the 
performance of the NASA N+3 reference engine implemented using Numerical Propulsion System Simulation (NPSS) 
code (Ref. 13). NASA N+3 implies that the engine is representative of technology expected to be available in the 2030 
to 2035 timeframe. In this case, it features a geared turbofan, a compact gas turbine, and a Variable Area Fan Nozzle 
(VAFN). The AGTF30 is a 0-D dynamic model that utilizes performance maps to capture component performance. 
The engine model includes a realistically-performing full-flight envelope controller that was originally developed in 
Reference 9. It has an active fuel flow rate controller with limit logic and utilizes scheduled control logic for the VBV 
and VAFN. The engine also has Variable Stator Vanes (VSV) in the high pressure compressor (HPC). The nominal 
impact of the VSV is built into the HPC performance map. The engine components have health parameters that can 
be adjusted to capture the impact of degradation based on a model taken from the Commercial Modular Aero-
Propulsion System Simulation 40,000 lbf engine model (Ref. 14). A degradation variable is featured to adjust the 
health parameters to represent the continuous spectrum of engine health from new to end-of-life. Note that the TEEM 
controller development and analysis considers a mid-life engine. The baseline engine is traditional in the sense that it 
is not electrified. In other words, the baseline engine does not have any EMs or assume any other electrical components 
as part of the propulsion system. This study assumes the addition of one or more EMs along with energy storage 
devices (ESDs) and any other supporting electrical equipment. 
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Figure 2.—Simplified LPC blade stage illustration and the impact of the VBV and power modulation on the shafts: 

(a) without bleeds or power modulation, (b) VBV solution, (c) combined VBV and power modulation solution. 
 

Whereas the VBV solution dumps air into the bypass duct resulting in unrecoverable losses, power extraction on 
the LPS can be used to charge ESDs. While power extraction on the LPS will require a higher fuel burn for the same 
amount of thrust, it will also promote combustor stability. The improved combustor stability could allow the fuel burn 
to be reduced while the engine is operated at a lower thrust level than can be achieved by the baseline engine. Assuming 
the minimum fan speed is not limited by other operational limits, this could be advantageous when the engine is idling 
on the ground and the ESDs are not fully charged. A drawback to power extraction from the LPS is that it may reduce 
the fan stall margin as is the case for the AGTF30. Since the AGTF30 has a VAFN, this issue can be remedied by 
increasing the VAFN area. As a result, the VAFN schedule and maximum VAFN area may need to be re-considered. 

Power addition on the HPS will have the benefit of reducing the fuel burn for the same amount of thrust. This 
solution also tends to increase the fan stall margin and reduce the maximum area required by the VAFN to maintain 
operability. If the power input on the shaft is simply a reduction of power extraction from the HPS, which is typically 
present to power aircraft systems, then the fuel savings are only offset with the penalty of reduced aircraft power while 
this approach is applied. In this event, it may be necessary for power to be cut or limited for non-essential aircraft 
systems. While this is likely to be undesirable in-flight, it could be an option during ground operations. However, 
reduction in power extraction from the HPS will be limited by how much power the aircraft can afford to give up. If 
the aircraft is already operating with minimal power, this strategy will not be applicable. Another option is to provide 
power or supplement reduced power extraction on the HPS using the ESDs. If the energy is more efficiently acquired 
and applied by the ESDs than by burning fuel at the current power setting, then using ESDs to supply power is 
advantageous. For example, if the power supplied by the ESDs was extracted from the engine while it was operating 
at a more efficient operating point, or if the energy in the ESD originated from the grid at a lower overall cost, then 
supplying power using ESDs could be advantageous. Though, the use of ESDs in this manner would have limitations. 
The energy in impulsive energy storage elements, such as super-capacitors, should be conserved to address transients, 
particularly during take-off. It may be possible to make dual-use of onboard ESDs, such as those used for starting 
aircraft systems and the auxiliary power unit (APU). Still, the energy capacity and power would be limited, which 
could constrain use of the HPS power input for this purpose. Thus, HPS power input may be best suited for select 
operating modes such as during ground operations. Whatever the case may be, the system would need to be sized to 
account for the potential usage of energy stored in the ESDs. 

B. Charging 
The application of the transient TEEM concept during acceleration transients is dependent on the addition of 

power, which implies the use of ESDs. The ability to re-charge ESDs in-flight will help to minimize their size and 
promote efficient turn-around times for the aircraft. Furthermore, the ability to re-charge in-flight will help to minimize 
the services that must be performed on the ground to charge or replace the ESDs, as well as the infrastructure required 
to support these services. 
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Through simulation analysis it was observed that power extraction from the LPS required less of an increase in 
fuel flow to maintain the desired corrected fan speed. Since it is more efficient to extract power directly from the LPS, 
the LPS EM will be used for power extraction to charge the ESDs, if the configuration has an LPS EM. If an EM only 
exists on the HPS, there will be no choice but to extract power from the HPS for charging. 

The amount of power extraction will likely be dependent on the maximum charge rate of the ESDs, a practical 
maximum area limit of the VAFN, or a practical limit on the power that can be extracted from the given engine spool 
without significantly degrading performance or operability. At low power, the VBV and VAFN should be coordinated 
with power extraction to maintain operability. At high power, the operability of the LPC and fan improve making 
power extraction for charging less of a concern. However, at very high power conditions, power extraction can reduce 
the maximum thrust and cause some control limits, such as the over-temperature limit, to be reached sooner. Therefore, 
one may consider limiting power extraction at these conditions. Also, the AGTF30 was observed to require an 
additional limitation on the power extraction from the HPS at very high altitudes. Near the very top of the flight 
envelope, the engine’s HPC SM significantly decreases. Power extraction, particularly from the HPS, has the tendency 
to decrease HPC SM. This worsens the situation and could potentially result in a violation of the minimum acceptable 
HPC SM while operating in steady-state or upon an acceleration transient. If not considered when implementing 
TEEM, it could cause the HPC to stall. 

Given that the energy storage in the proposed architecture consists of only super-capacitors that are meant to supply 
and absorb impulsive loads, the super-capacitors are not expected to place any limitation on a practical amount of 
power extraction for charging. Instead, the amount of power extraction is expected to be driven by the desired 
super-capacitor charge time as well as turbofan performance and operability considerations. 

C. Transient Operability 
The transient operability improvements enabled by TEEM expand the design space of the engine to enable more 

efficient designs. Active modulation of the power addition/extraction on the shafts can reduce or even eliminate the 
operability margins allocated for transient operation. Assuming and EM is present on both spools, based on prior work 
(Ref. 8), it is expected that power addition on the HPS will increase HPC SM during accelerations while power 
extraction on the LPS will increase LPC SM during decelerations. As we consider the use of a single EM on a single 
shaft, it was hypothesized that power addition on the HPS could increase LPC stall margin during decelerations and 
power addition on the LPS could help to increase HPC stall margin during accelerations.  

The quick responsiveness of EMs enables them to shape and tailor the transient to a large degree. This can simplify 
control design for the fuel control loop, especially when it comes to acceleration and deceleration logic. Acceleration 
and deceleration logic is put in place to prevent the fuel controller from commanding too much or too little fuel during 
transients such that it could jeopardize operability. Since the EMs now handle the operability issue, the job of the fuel 
control acceleration and deceleration logic is to ensure that any commanded fuel flow rate does not demand too much 
effort from the EMs. The following section includes a discussion regarding simplification of the control logic.  

There is also a control aspect to the use or dissipation of excess energy when power is extracted during transients. 
This applies to the dual spool and LPS configurations in which power is extracted from the LPS during deceleration 
transients. During such an event, the amount of power extracted from the LPS will likely exceed what can be absorbed 
by the ESDs. Whatever power cannot be absorbed by ESDs must be immediately used or dissipated. The dual-spool 
configuration immediately applies the excess power extracted with the LPS EM to the HPS via the HPS EM. This 
approach further promotes LPC operability and avoids the need to dissipate excessive power. The LPS configuration 
does not have an HPS EM to expend the excess power. Therefore, the excess power is dissipated in a bleed resistor 
bank. Both techniques require some associated control logic.  

V. Control Logic 
Low power operability, charging, and transient operability goals must be coordinated to simultaneously maintain 

operability while improving or preserving performance during application of the TEEM concept. To address this, logic 
is used to determine when and how the EMs are used to achieve the goals. Note that while there may be merit to 
applying power addition on the HPS during certain segments of steady-state operation, it was not the main focus of 
this effort and was not implemented in the control strategy presented here. 

During a transient, priority will be given to addressing the transient operability issue. Low power operability during 
a transient will be handled solely by the VBV. Any charging of ESDs, other than through power extraction meant to 
improve transient operability, will cease in order to preserve responsiveness. During decelerations, extracted energy  
 

can be utilized to charge the ESDs if they are not already sufficiently charged. However, in the event that the ESDs 
are fully changed, that energy will be used or dissipated immediately via the HPS EM or a bleed resistor bank. 
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During steady-state operation while the ESDs are sufficiently charged, low power operability will be handled by 
the VBV. When operating in steady-state while the ESDs are not sufficiently charged, the EMs may be used as 
generators to charge the ESDs. The manner in which low power operability and charging is managed will be dependent 
on the configuration of the system. If an EM exists on the LPS then that EM will be used for charging. Otherwise, the 
HPS EM will be used. Power extraction will need to be coordinated with the VBV and VAFN to maintain LPC and 
fan operability. Therefore, the VBV and VAFN schedules must be modified.  

A high level view of the controller structure is provided in Figure 3. The TEEM control logic introduces active 
torque controllers for the EMs, scheduled logic for charging, and activation/de-activation logic. Feedback from the 
power system is also used to modify the VBV and VAFN schedules. The fuel flow controller also contains simplified 
acceleration and deceleration schedules as will be discussed later. A high level representation of the control approach 
is shown in Figure 4 to Figure 6 for the dual-spool, HPS, and LPS configurations, respectively. The blue blocks 
indicate some high-level control decisions while the white boxes indicate decision making criteria. The controller 
components and their control logic will be discussed in more detail in the following sub-sections. 
 
 

 
Figure 3.—High level representation of the overall control structure. 

 
 
 

 
Figure 4.—High level control logic for the dual-spool 

configuration. 
 

 
Figure 5.—High level control logic for the HPS 

configuration. 
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A. SLS Burst and Chop Transients  
The model was run with an aggressive burst and chop transient profile at SLS conditions. This mimics an 

aggressive take-off scenario followed by an aggressive reduction in thrust. The engine starts at idle, the PLA is 
increased to its maximum position over the course of 1 s, and the maximum position is held for some time to allow 
the transient to settle out. The PLA is then decreased back to the idle position over the course of 1 s and some time is 
allowed for the transient to settle out. The thrust responses for the baseline control and the three different variants of 
the TEEM concept are shown in Figure 9. All three TEEM implementation variants, which apply the simplified 
acceleration schedule, are seen to provide a similar thrust response to the baseline engine control that satisfies the 
FAA requirement for thrust responsiveness (Ref. 20). The operability of the HPC and LPC are quantified using the 
stall margin metric as plotted in Figure 10(a) and (b), respectively.  

A substantial ~4% HPC SM improvement is observed for the dual-spool and HPS configurations during 
accelerations while only a modest HPC SM improvement of ~0.6% is present for the LPS configuration. For the LPS 
configuration, there is also an undesirable reduction in LPC SM of over 2% during the acceleration transient. For the 
HPS configuration, there is a slight decrease in the HPC SM when the engine is at idle following the transients. This 
is a result of power extraction from the HPS in order to charge the super-capacitors. Once the super-capacitors are 
charged, the HPC SM returns to its nominal value. In theory, the VSV schedule could be adjusted to improve the HPC 
SM during this mode of operation. However, given that the HPC SM is already large at this condition, some reduction 
is viewed to be acceptable.  
 

 
Figure 9.—Thrust response to and idle to full power throttle command. 

 

 
Figure 10.—HPC SM (a) and LPC SM (b) during an SLS burst and chop transient. 
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During the deceleration, a 2.2%, 2%, and 1.4% improvement in LPC SM is obtained with the dual-spool, HPS, 
and LPS configurations, respectively. Also notice that, despite off-nominal torque input on the shafts during portions 
of steady-state operation, the steady-state LPC SM is the same in all cases, indicating that the VBV schedule has been 
coordinated appropriately with the use of the EMs. The torques and powers applied to the shafts to achieve these 
results are shown in Figure 11. The total energy supplied by the super-capacitor and its normalized voltage are plotted 
in Figure 12. Less than 0.7 kW-hr of energy was supplied by the super-capacitors during the extreme acceleration 
transient. In the HPS configuration, the super-capacitor supplies an additional ~1.4 kW-hr of energy during the 
extreme deceleration transient. In the dual-spool and LPS configurations, power extraction during the deceleration 
charges the super-capacitors with 0.55 to 0.59 kW-hr of energy, respectively. This nearly recharges the 
super-capacitors in the dual-spool configuration leaving only 0.13 kW-hr of energy to be restored after the transient. 
Power extraction during the deceleration transient completely recharges the super-capacitors in the LPS configuration. 
The super-capacitors reach full charge during the transient and the resistor bank engages 3 times to dissipate the excess 
power. The 3 slight decreases in super-capacitor state of charge between 60 s and 75 s in Figure 12, corresponds to 
the activation of the resistor bank to bleed energy and keep the super-capacitor bank from exceeding its desired 
maximum voltage. The amount of energy dissipated (or heat generated) by the resistor bank is ~0.69 kW-hr. 
 

 
Figure 11.—Electric machine torque and power inputs for each configuration. HPS torque and power 

are shown in (a) and (c), respectively. LPS torque and power are shown in (b) and (d), respectively. 
 

 
Figure 12.—Super-capacitor state of charge (a) and energy 

usage (b). 
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Figure 13.—HPC SM (a) and LPC SM (b) with a 

positive fuel flow bias. 

 
Figure 14.—HPC SM (a) and LPC SM (b) with a 

negative fuel flow bias. 
 

While the dual-spool and LPS configurations take advantage of power extraction during decelerations to charge 
the super-capacitors, the HPS configuration does not. Furthermore, the HPS configuration requires more power 
addition during decelerations. Since the super-capacitors can only charge during steady-state operation in this 
configuration, it increases the time to charge and may increase the size of the super-capacitor in order to handle 
subsequent acceleration and decelerations transients. While the dual-spool and LPS configurations are nearly or fully 
charged after the deceleration transient, it takes roughly 100 sec to fully restore charge to the super-capacitors in the 
HPS configuration. Note that charging does not occur from 20 to 55 sec in any configuration because the engine is at 
maximum power and the control logic dictates that there be no power extraction at this condition in order to avoid 
degrading the engine’s peak performance.  

As mentioned previously, the TEEM controller utilizes the fuel flow rate measurement in the active control of the 
EMs. Since the fuel flow measurement can be inaccurate, it is of interest to see how an erroneous fuel flow 
measurement could alter the performance of the TEEM controller. Thus a fuel flow bias was applied in simulation to 
increase or decrease the sensed fuel flow by 2% of the current fuel flow or 0.5% of the maximum fuel flow, whichever 
is greater. The LPC and HPC SM are shown in Figure 13 for when the sensed fuel flow is above the actual value, and 
Figure 14 shows the results for when the sensed fuel flow is below the actual value. As can be seen, the fuel flow bias 
does not have a significant effect on the ability of the TEEM controller to improve the operability of the engine. This 
is evident in Figure 13 and Figure 14, which show that the SM undershoot was essentially eliminated during the 
transients despite the presence of fuel flow bias. The only exception is the HPC SM during the acceleration transient 
for the LPS configuration. It was noted earlier that the LPS configuration lacks the authority to significantly impact 
HPC SM during acceleration transients.  

B. Monte Carlo Simulations 
Burst and chop transients, similar to those in the previous sub-section, were simulated at 1000 random altitude and 

Mach number combinations within the flight envelope. The location of these points within the flight envelope are 
shown in Figure 15. Figure 16 shows the impact on the minimum HPC SM during the acceleration transient while 
Figure 17 shows the impact on minimum LPC SM during the deceleration transient. The LPS configuration has the 
authority to positively impact LPC SM but lacks the authority to significantly and consistently improve HPC SM. The 
combination of the LPS configuration with the new simplified acceleration schedule actually reduces the minimum 
HPC SM during transients, at some flight conditions. The dual spool configuration and HPS configuration appear to 
provide the authority necessary to positively impact the operability of both shafts. Improvements in the minimum 
HPC SM range from 2.5% to 5.6%. Improvements in the LPC SM are similar for all configurations and are observed 
to be as much as 3.7% above the baseline. At high Mach numbers and low altitude, the LPC SM benefit appears to 
dwindle. The reason is because the natural response of the LPC SM tends not to undershoot at these operating 
conditions. Thus, the best that can be done is to match the baseline results. 
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Figure 15.—AGTF30 flight envelope with Monte Carlo 

test points indicated by the red "x's". 
Figure 16.—Minimum HPC SM improvement over 

the baseline engine model during an acceleration 
transient. 

 
Figure 17.—Minimum LPC SM improvement 

over the baseline engine model during a 
deceleration transient. 

C. Full Flight 
Each TEEM configuration was implemented in simulation with a commercial transport flight mission. The flight 

profile was constructed from real flight data provided by Reference 21. The flight had a duration of approximately an 
hour and a half. The profile has the typical flight segments of a commercial flight including a take-off, climb, cruise, 
descent, and landing. There are numerous changes in throttle setting as the pilot maneuvers the aircraft. The parameters 
that define the flight profile are plotted in Figure 18. The parameter dT is the difference between the actual ambient 
temperature and the standard day ambient temperature. The most extreme transient occurs during the first increase in 
power. Figure 19(a) and (b) plot the HPC SM and LPC SM during this transient. As one can see, the dual-spool and HPS 
configurations show substantial improvements to the HPC SM while only a modest improvement in HPC SM is observed 
for the LPS configuration. Figure 19(b) does show an undesirable reduction in LPC SM for the LPS configuration during 
the transient. Recall that a similar finding was observed for the simulated acceleration results presented in Figure 10(b). 
For the same transient there is also an observable reduction in the peak HPC discharge pressure (p3) and turbine inlet 
temperature (T4) as can be seen in Figure 20(a) and (b), respectively. Another metric of interest is the total amount of 
energy consumption. The super-capacitor supplies power during acceleration transients. It also provides power during 
deceleration transients for the HPS configuration. The bar graph in Figure 21 shows the energy supplied by the 
super-capacitors through the entire flight. The amount of energy supplied by the super-capacitors during the entire flight 
was 0.34 to 1.7 kW-hr, which is on the order of the amount of energy that is present in a typical car battery. The HPS 
configuration required the most energy due to its use of power input during decelerations. During the course of the flight, 
the resistor bank in the LPS configuration dissipated ~4 kW-hr of energy. Shown in Figure 22 is a plot of the 
super-capacitors state of charge, which illustrates the charge and discharge cycles. It can be observed that the EMs are 
only being used during a very small fraction of the flight’s duration. It is also evident that the super-capacitors do not 
discharge much, which implies that the power supply system may be over-sized. 
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