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does not have a monotonic relationship with TSFC or HPC SM, however, reducing it consistently decreases LPC stall 
margin. Given that the minimum HPC SM was increased by about 2.2% by applying the TEEM concept as shown in 
Figure 11, the benefit the TEEM concept offers via engine redesign can be assessed by moving the op-line closer to 
the stall line such that the design HPC SM is reduced by about 2.2%. Based on the results shown here, the LPT and 
HPT flow scalars were chosen to be 1.10 and 0.95 respectively to obtain a TSFC reduction of about 0.75% for a HPC 
stall margin reduction of about 2.2%. 

The next step after choosing how to revise the engine design is to verify that the revised design still meets the 
operability constraints. To do this, the revised engine was run through the same 4.5 second Wf transient, and the 
TEEM power modulation algorithm was run 
with the engine to generate TEEM power profiles 
for the transient. Worth noting is that the power 
addition/extraction required for the redesigned 
engine turned out to be almost identical to those 
for the nominal engine (not shown here). 
Specifically, the root-mean-squared (RMS) 
power difference required for the baseline vs the 
redesigned engine for the LPM computed over 
the 4.5 second transient is 45 horsepower, and 
the RMS difference between the respective HPM 
power levels is 25 horsepower. These are 2.6% 
and 2.9% of their 1750 and 850 horsepower 
motor ratings respectively, which suggests that 
the motor may not need to be redesigned. This 
would be the case assuming that the motors are 
originally designed for a baselined engine and 
later utilized for the redesigned engine. The HPC 
and LPC stall margin responses are shown in 
Figure 17. 

This figure shows that the redesigned engine 
running with the TEEM concept is meeting the 
same minimum HPC SM during a 5-second 
transient as the baseline configuration (nominal 
engine design without the TEEM concept), as measured at a static condition. This shows that the TEEM concept can 
enable a more aggressive design in terms of HPC op-line to get a greater than 0.75% TSFC benefit while still running 
to the same transient stall margins and meeting the same performance (response time) requirements. 

E. Engine Size Implications 
It is also valuable to know for which class of engines the TEEM concept applies. In order to begin answering this 

question, a trade study was done to observe the effect of hFan engine spool inertias on the motor power inputs 
necessary to enable TEEM. Specifically, the low and high spool inertias on the hFan were varied between 50%, 100%, 
150%, and 200% of their respective values, and the TEEM motor power level design function was run to determine 
how much power is necessary. To try and capture an even wider range of high spool inertias, the high spool inertia 
was also varied up to 500% of its nominal value. The peak motor power from the design function, along with the 
scaled inertia values from each run are plotted in Figure 18. Also included are curve fits to show the trends in the data, 
as well as vertical dashed lines corresponding to various spool inertia values known to the authors, providing context 
as to the range covered in the sensitivity study. The inertia values for the 28,000lbf N+3 geared turbofan19 and the 
17,000 lbf hFan9 are computed from unpublished results of WATE++20 scripts for these engines. Both of these engines 
are sized for N+3 single aisle, narrow body aircraft. The Jet Cat shaft inertias are adapted from published work where 
a dynamic model of a small, hobby class turboshaft engine mated to a variable pitch propeller is developed.21 The C-
MAPSS40k inertias are copied from the source code of the C-MAPSS40k engine dynamic model (a 40,000 lbf thrust 
class, dual spool turbofan representing the contemporary state of the art),22 and the 40,000 lbf T-MATS JT9D inertias 
are copied from the source of the JT9D example engine that comes with the Tool for Modeling and Analysis of 
Thermodynamic Systems (T-MATS) Simulink-based modeling package.23  

As can be seen in the figure, the peak motor power required to implement the TEEM concept varies approximately 
linearly with spool inertia. Further, the motor power requirement for one spool primarily depends on the inertia of that 
respective spool, and not on the inertia of the other spool. Another takeaway from this chart is that the study covers 

 
Figure 17. HPC and LPC stall margins with the baseline 
concept, the nominal engine running the TEEM concept, 
and a more efficient design of the engine running with 
TEEM.  
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engine shafts and appears to vary linearly with inertia. The results presented in this paper in regards to engine size 
implications are not meant to provide exact requirements for the electrical devices but simply to understand the driving 
factors and relationships with sizing, and provide a rough guess at the requirements for different sized engines. In this 
regard, the study has not considered the overall weight budget required to implement the TEEM concept and its 
implications on fuel and TSFC. 

As we consider how TEEM could impact engines of different size, it�¶s also appropriate to consider how TEEM 
could impact propulsion system architectures spanning the thrust/power range. It is the belief of the authors that the 
TEEM concept could be applicable and beneficial to any turbomachinery that holds any amount of transient stall 
margin stack in order to ensure operability while transitioning between operating states. This applies to gas turbines 
with one or many shafts meant to produce thrust and or power. Therefore, regardless of the EAP configuration or 
application to an otherwise conventional turbofan engine, TEEM could produce a benefit. For application to an 
otherwise conventional turbofan, the benefit of TEEM will need to be weighed against the addition of electrical 
machines, while for various EAP concepts where most or all of the electrical components are already present, the 
TEEM concept is expected to be even more advantageous. 

VI. Conclusions 
The Turbine Electrified Energy Management (TEEM) concept was presented and demonstrated with considerable 

background information and discussion of its potential benefits. This operability control concept shows promise in its 
capability to expand the engine design space and enable performance and efficiency benefits. It also possesses the 
potential to consolidate and simplify control implementation with such benefits as eliminating the need for a Variable 
Bleed Valve. The TEEM concept and several of its benefits have been demonstrated through an open-loop example 
using a model of the hFan propulsion system. The hFan is a parallel hybrid electric turbofan with a 1380 hp electric 
motor connected to the low pressure spool designed to augment thrust. Concept feasibility has been supported through 
simulation demonstrating that significant benefits can be achieved with modestly sized motors on each of the engine 
shafts with a modestly sized energy storage element. Observations from the study revealed that independent control 
of the shaft speeds could achieve the stated goals of TEEM; power modulation on the Low Pressure Shaft was not 
necessary during accelerations while power modulation on the High Pressure Shaft was not necessary during 
decelerations. A suboptimal engine redesign was attempted to demonstrate a benefit in efficiency, showing a positive 
impact on steady-state performance through use of a transient control technology. Some engine size implications were 
drawn from a prior hFan study and further discussion was provided in consideration of the applicability of the TEEM 
concept to a wide range of aero-propulsion systems. Work is ongoing to investigate control strategies and to design 
active control algorithms that can be used to implement the TEEM concept over the entire flight envelope of an engine.  

Appendices 

A. Compressor Transient Off-Design Performance 
Considering that compressor stall and surge must be avoided at all costs, it helps to visualize what is happening 

within the engine. Understand that changing conditions cause the internal flow to respond very rapidly with respect to 
the change in speed of the high inertia rotational components. The high pressure spool (HPS) responds faster to flow 
�F�K�D�Q�J�H���W�K�D�Q���W�K�H���O�R�Z���S�U�H�V�V�X�U�H���V�S�R�R�O�����/�3�6�����G�X�H���W�R���W�K�H���I�R�U�P�H�U�¶�V���V�P�D�O�O�H�U���P�R�P�H�Q�W���R�I���L�Q�H�U�W�L�D�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H���R�Q�O�\���Z�D�\ 
to modify the speed of the HPS and LPS is to transfer power through the effectiveness of the fluid dynamic coupling 
(incidence angle) to the blading, which is a function of axial gas path flow and blade velocities. Therefore, the 
mismatch in shaft dynamics, along with transitioning flow rates throughout the engine during transient operation, can 
result in the compressor blades operating off-incidence, leading to flow instabilities, high loading conditions and 
eventually to stall or surge. 

During an acceleration, (increasing fuel flow, combustor output), both spools speeds immediately begin to lag 
behind the change in axial gas path flow velocity. Referring to Figure A1, and considering the flow increases to be  
infinitesimally small steps, the high-pressure compressor (HPC) operating point moves to the right on the compressor 
map and a higher pressure rise to match the additional work being extracted by the turbine. The additional flow 
increases the pressure rise for the HPC, but does not match the op-line design point because the new speed state is 
insufficient and still being established. The steady-state flow condition will establish when both compressors are 
drawing air at the proper flow rate and incidence angle. The higher-than-normal pressure rise for the given flow 
condition increases the loading on the HPC blades and reduces (worsens) stall margin. See green dot moving from 1 
to 2 on the map in Figure A1. Meanwhile, the low pressure compressor (LPC) responds much slower than the HPC 
due to its larger moment of inertia. For the same infinitesimal step in flow, it tends to move down the same speed line. 



 
American Institute of Aeronautics and Astronautics 

 
 

16 

References 

1 �+�R�O�P�H�V�����%�����-�������3�D�U�N�H�U�����5�����$�������6�W�D�Q�O�H�\�����'�������0�F�+�X�J�K�����3�������*�D�U�U�R�Z�����/�������0�D�V�V�R�Q�����3�����0�������2�O�F�R�W�W�����-�������³�1�$�6�$���6�W�U�D�W�H�J�L�F���)�U�D�P�H�Z�R�U�N���I�R�U��
On-Dem�D�Q�G���$�L�U���0�R�E�L�O�L�W�\���´���1�$�6�$���&�R�Q�W�U�D�F�W���1�1�/�����$�$�����%�������������� 

2 Commercial aircraft propulsion and energy systems research: reducing global carbon emissions. National Academies Press, 2016. 
3 �-�D�Q�V�H�Q�����-�����+�������%�R�Z�P�D�Q�����&�������-�D�Q�N�R�Y�V�N�\�����$�������'�\�V�R�Q�����5�������)�H�O�G�H�U�����-�������³�2�Y�H�U�Y�L�H�Z��of NASA Electrified Aircraft Propulsion Research 

�I�R�U���/�D�U�J�H���6�X�E�V�R�Q�L�F���7�U�D�Q�V�S�R�U�W�V���´���$�,�$�$���3�U�R�S�X�O�V�L�R�Q���D�Q�G���(�Q�H�U�J�\���)�R�U�X�P�����$�W�O�D�Q�W�D�����*�$�������������� 
4 Follen, G., Del Rosario, R., Wahls, R., and Madavan, N., "NASA's Fundamental Aeronautics Subsonic Fixed Wing Project: 

Generation N+3 Technology Portfolio," SAE Technical Paper 2011-01-2521, 2011. 
5 �:�H�O�V�W�H�D�G�����-�����5�������)�H�O�G�H�U�����-�����/�������³�&�R�Q�F�H�S�W�X�D�O���'�H�V�L�J�Q���R�I���D���6�L�Q�J�O�H-Aisle Turboelectric Commercial Transport with Fuselage Boundary 

�/�D�\�H�U���,�Q�J�H�V�W�L�R�Q���´���$�,�$�$���6�F�L�7�H�F�K���)�R�U�X�P�����6�D�Q���'�L�H�J�R�����&�$. 2016. 
6 �)�H�O�G�H�U�����-�����/�������7�R�Q�J�����0�����7�������&�K�X�����-�������³�6�H�Q�V�W�L�Y�L�W�\���R�I���0�L�V�V�L�R�Q���(�Q�H�U�J�\���&�R�Q�V�X�P�S�W�L�R�Q���W�R���7�X�U�E�R�H�O�H�F�W�U�L�F���'�L�V�W�U�L�E�X�W�H�G���3�U�R�S�X�O�V�L�R�Q���'�H�V�L�J�Q 

Assumptions on the N3-�;���+�\�E�U�L�G���:�L�Q�J���%�R�G�\���$�L�U�F�U�D�I�W���´�������W�K���$�,�$�$���$�6�0�(���6�$�(���$�6�(�(���-�R�L�Q�W���3�U�R�S�X�O�V�L�R�Q���&�R�Q�I�H�U�H�Q�F�H���	���(�[�K�L�E�L�W����
Atlanta, GA. 2012 

7 Faidi, A., "Effect of Accessory Power Take-off Variation on a Turbofan Engine Performance," M.S. Dissertation, Department of 
Aeronautics and Astronautics, Air Force Institute of Technology, Dayton, OH. 2012. 

8 Derouineau, J.-L., Honeywell In�W�H�U�Q�D�W�L�R�Q�D�O�����,�Q�F�������0�R�U�U�L�V�W�R�Z�Q�����1�-�����8���6�����3�D�W�H�Q�W���$�S�S�O�L�F�D�W�L�R�Q���I�R�U���³�(�Q�J�L�Q�H���3�R�Z�H�U���(�[�W�U�D�F�W�L�R�Q���&�R�Q�W�U�R�O��
�6�\�V�W�H�P���´���$�S�S�O�L�F�D�W�L�R�Q���1�R�����������������������������I�L�O�H�G���������$�X�J�������������� 

9 �%�U�D�G�O�H�\���� �0���� �.������ �'�U�R�Q�H�\���� �&���� �.������ �³�6�X�E�V�R�Q�L�F�� �8�W�O�U�D�� �*�U�H�H�Q�� �$�L�U�F�U�D�I�W�� �5�H�V�H�D�U�F�K���� �3�K�D�V�H�� �,�,���± Volume II �± Hybrid Electric Design 
�(�[�S�O�R�U�D�W�L�R�Q���´���1�$�6�$���&�5-218704. 2015. 

10 Chin, J. C., C�V�D�Q�N�����-�����7�������+�D�O�O�H�U�����:�����-�������6�H�L�G�H�O�����-�����$�������³�$�Q���,�Q�W�U�R�G�X�F�W�L�R�Q���W�R���7�U�D�Q�V�L�H�Q�W���(�Q�J�L�Q�H���$�S�S�O�L�F�D�W�L�R�Q�V���8�V�L�Q�J���W�K�H���1�X�P�H�U�L�F�D�O��
�3�U�R�S�X�O�V�L�R�Q���6�\�V�W�H�P���6�L�P�X�O�D�W�L�R�Q�����1�3�6�6�����D�Q�G���0�$�7�/�$�%���´���1�$�6�$���7�0-218922. 2016. 

11 F�H�G�H�U�D�O�� �$�Y�L�D�W�L�R�Q�� �$�G�P�L�Q�L�V�W�U�D�W�L�R�Q���� �³�7�L�W�O�H�� ������ �R�I�� �W�K�H�� �&�R�G�H�� �R�I�� �)�H�G�H�U�D�O�� �5�H�J�X�O�D�W�L�R�Q�V�´���� �K�W�W�S�������Z�Z�Z���H�F�I�U���J�R�Y���F�J�L-bin/text-
idx?SID=aa3a99819fbf162f142eee0ec759f8df&mc=true&node=se14.1.33_173&rgn=div8, accessed October, 2017. 

12 �9�R�O�S�R�Q�L�����$���-�������³�*�D�V���7�X�U�E�L�Q�H���3�D�U�D�P�H�W�H�U���&�R�U�U�H�F�W�L�R�Q�V���´���-�R�X�U�Q�D�O���R�I���(�Q�J�L�Q�H�H�U�L�Q�J���I�R�U���*�D�V���7�X�U�E�L�Q�H�V���D�Q�G���3�R�Z�H�U�����9�R�O���������������������������S�S����
613�±621 

13 �=�L�Q�Q�H�F�N�H�U�����$�����0�������&�V�D�Q�N�����-�����7�������³�$���P�H�W�K�R�G�R�O�R�J�\���W�R���D�V�V�H�V�V���W�K�H���F�D�S�D�E�L�O�L�W�\���R�I���H�Q�J�L�Q�H���G�H�V�L�J�Q�V���W�R���P�H�H�W���F�O�R�V�H�G-loop performance and 
�R�S�H�U�D�E�L�O�L�W�\���U�H�T�X�L�U�H�P�H�Q�W�V���´�������V�W���$�,�$�$��SAE/ASEE Joint Propulsion Conference, Orlando, FL. 2015. 

14 �&�V�D�Q�N�����-�����7�������=�L�Q�Q�H�F�N�H�U�����$�����0�������³�$�S�S�O�L�F�D�W�L�R�Q���R�I���W�K�H���7�R�R�O���I�R�U���7�X�U�E�L�Q�H���(�Q�J�L�Q�H���&�O�R�V�H�G-loop Transient Analysis (TTECTrA) for 
�'�\�Q�D�P�L�F���6�\�V�W�H�P�V���$�Q�D�O�\�V�L�V���´���1�$�6�$���7�0-218449. 2014. 

15 �&�V�D�Q�N�����-�����7�������³�'�\�Q�D�P�L�F���6�\�V�W�H�P�V���$�Q�D�O�\�V�L�V���I�R�U���7�X�U�E�L�Q�H���%�D�V�H�G���$�H�U�R���3�U�R�S�X�O�V�L�R�Q���6�\�V�W�H�P�V���´���1�$�6�$���7�0-219133. 2016. 
16 �&�V�D�Q�N���� �-���� �7������ �7�K�R�P�D�V���� �*���� �/������ �³�'�\�Q�D�P�L�F�� �$�Q�D�O�\�V�L�V�� �I�R�U�� �D�� �*�H�D�U�H�G�� �7�X�U�E�R�I�D�Q�� �(�Q�J�L�Q�H�� �Z�L�W�K�� �9�D�U�L�D�E�O�H�� �$�U�H�D�� �)�D�Q�� �1�R�]�]�O�H���´�� �$�,�$�$��

Propulsion and Energy Forum, Atlanta, GA. 2017. 
17 Norris, G.�����:�D�U�Z�L�F�N�����*�������³�$���5�H�Y�H�U�V�H�G�����7�L�O�W�H�G���)�X�W�X�U�H���I�R�U���3�U�D�W�W�¶�V���*�H�D�U�H�G���7�X�U�E�R�I�D�Q���´���$�Y�L�D�W�L�R�Q���:�H�H�N���D�Q�G���6�S�D�F�H���7�H�F�K�Q�R�O�R�J�\���>�R�Q�O�L�Q�H��

article], URL: http://aviationweek.com/technology/reversed-tilted-future-pratt-s-geared-turbofan [cited 28 October 2017]. 
18 Connolly, J. W., �&�V�D�Q�N���� �-���� �7������ �&�K�L�F�D�W�H�O�O�L���� �$������ �³�$�G�Y�D�Q�F�H�G�� �&�R�Q�W�U�R�O�� �&�R�Q�V�L�G�H�U�D�W�L�R�Q�V�� �I�R�U�� �7�X�U�E�R�I�D�Q�� �(�Q�J�L�Q�H�� �'�H�V�L�J�Q���´�� �����Q�G��

AIAA/SAE/ASEE Joint Propulsion Conference, Salt Lake City, UT. 2016. 
19 �-�R�Q�H�V�����6�����0�������+�D�O�O�H�U�����:�����-�������7�R�Q�J�����0�����7�������³�$�Q���1�������7�H�F�K�Q�R�O�R�J�\���/�H�Y�H�O���5�H�I�H�U�H�Q�F�H���3�U�R�S�X�O�V�L�R�Q���6�\�V�W�H�P���´���1�$�6�$���7�0-219501. 2017. 
20 �7�R�Q�J�����0�����7�������1�D�\�O�R�U�����%�����$�������³�$�Q���2�E�M�H�F�W-�R�U�L�H�Q�W�H�G���&�R�P�S�X�W�H�U���&�R�G�H���I�R�U���$�L�U�F�U�D�I�W���(�Q�J�L�Q�H���:�H�L�J�K�W���(�V�W�L�P�D�W�L�R�Q���´���3�U�R�F�H�H�G�L�Q�J�V���R�I���$�6�0�(��

Turbo Expo 2008, Berlin, Germany. 2008 
21 Pakmehr, M., Fitzgerald, N., Feron, E., Paduano, J., Behbaha�Q�L�����$�������³�3�K�\�V�L�F�V-Based Dynamic Modeling of a Turboshaft Engine 

�'�U�L�Y�L�Q�J���D���9�D�U�L�D�E�O�H���3�L�W�F�K���3�U�R�S�H�O�O�H�U���´���$�,�$�$���-�R�X�U�Q�D�O���R�I���3�U�R�S�X�O�V�L�R�Q���D�Q�G���3�R�Z�H�U�����9�R�O�������������1�R�����������0�D�\-June 2016. 
22 May, R.D., Csank, J., Lavelle, T.M., Litt, J.S., and Guo, T.-�+�������³�$���+�L�J�K���)�L�G�H�O�L�W�\���6�L�Pulation of a Generic Commercial Aircraft 

�(�Q�J�L�Q�H���D�Q�G���&�R�Q�W�U�R�O�O�H�U���´�������W�K���$�,�$�$���$�6�0�(���6�$�(���$�6�(�(���-�R�L�Q�W���3�U�R�S�X�O�V�L�R�Q���&�R�Q�I�H�U�H�Q�F�H�����1�D�V�K�Y�L�O�O�H�����7�1�����-�X�O�\������-28, 2010. 
23 Chapman, J. W., Lavelle, T. M., May, R. D., Litt, J. S., and Guo, T.-H., Toolbox for the Modeling and Analysis of 

Thermodynamic Systems (T-�0�$�7�6�����8�V�H�U�¶�V���*�X�L�G�H�����1�$�6�$���7�0-2014-216638, January 2014. 

                                                           





 
American Institute of Aeronautics and Astronautics 

 
 

7 

modulation schedule for the LPM and or HPM such that the same LPC stall margin is maintained at the low power 
settings where the VBV would normally be partially or fully open. The process for doing this was as follows: 

(1) For each power setting, determine the VBV position and LPC stall margin. This was done by running a number 
of closed loop simulations and recording steady-state values once all transients had settled out. 

(2) Force the VBV to be closed and the HPM power modulation to be zero, and for each power setting determine 
the amount of LPM power modulation needed to achieve the same LPC stall margin as the VBV.  

(3) With the VBV closed, for each power setting, vary the LPM power level between zero and its value determined 
in (2) and determine the amount of HPM power modulation needed to achieve the same LPC stall margin as the 
VBV.  

(4) Thus far, (2) and (3) have produced a power modulation trade space from which a number of suitable power 
schedules can be derived. For each power setting, a number of different power splits between the LPM and HPM 
are possible. Each power setting and power combination has a corresponding fan speed that can be used to 
schedule the power modulation. Because this study only considers a single Mach number and altitude, scheduling 
to Mach number was unnecessary and the actual fan speed, N1, was used in place of the corrected fan speed. 
With the data, the power schedule(s) should be defined.  

For the case that was studied here, the VBV use is only necessary for power settings ranging from 15% to 28% of 
the maximum thrust. Figure 5 shows the baseline steady-state VBV relationships from step (1). Figure 6 provides the 
power modulation trade space created from steps (2) and (3). For a given net thrust engine power setting in Figure 6, 
the solid black line represents the electrical power extracted by the LPM necessary to eliminate the need for the VBV. 
If LPM power is pushed onto the HPM to increase the HPS 
speed, the LPM power extraction is reduced. The color 
contours describe this trade. As a result, two power schedules 
were produced that could be advantageous to the propulsion 
system design. The first is referred to as the Zero Sum Power 
Mode (ZSPM) schedule and the second will be referred to as 
the Battery Charge Power Mode (BCPM) schedule.  

The ZSPM schedule makes use of energy transfer from the 
LPS to the HPS. We assume all power extracted by the LPM 
is put onto the HPS by the HPM. The ZSPM was derived by 
interpolating the data to find the zero sum power split and the 
corresponding power values. The interpolated data is shown 
in Fig. 7, which plots the summation of the power modulations 
required for both shafts at various power settings. Each line 
corresponds to a variation in power split where the top line 
corresponds to only power addition to the HPS and the bottom 
line corresponds to only power extraction from the LPS. Note 
that the LPM power split of 67% approximates a net energy 
balance condition between the spools. 

The BCPM schedule only utilizes power extraction from 
the LPS using the LPM; it does not involve any power change 
on the HPS. This schedule will extract the most power from 
the engine. It was also observed to result in the highest fuel to 
air ratio at low power settings, which promotes a more stable 
combustion process, making combustor blowout less likely. 
Although a slight reduction in thrust was observed with the 
BCPM schedule, and thus a slight reduction in TSFC, it seems 
advantageous to use the BCPM schedule during times when 
thrust production is not a priority, such as when the engines 
are running at idle on the ground. In addition, extracted 
energy from the LPS is not a waste if that energy is being 
stored in a battery for use later in the mission. The two power 
modulation schedules are depicted in Fig. 8 under static 
conditions.  

 
Figure 5. Baseline VBV and LPC stall margin 
relationship. 
 

 

 
Figure 6. Power modulation trade space 
showing LPM power extraction and HPM 
power addition. 
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Figure 9 depicts the hFan propulsion system 
undergoing the deceleration transient depicted in 
Figure 4. It compares the functionality of the two 
different power modulation schedules with the 
baseline VBV functionality. Note that the hFan 
LPM is initially augmenting thrust during the period 
from 10 to 15 seconds. At 15 seconds, the 
deceleration begins and the LPM is following the 
prescribed engine power split based on open loop 
fuel flow. At 21 seconds, the two power schedules become active for LPC stability control. For both power schedules, 
the LPC stall margin response can be observed to well match the baseline VBV response.  

B. Power Modulation Profile Determination 
The power modulation profile is the fundamental tenet of the TEEM technology; it describes how manipulation of 

the engine�¶�V steady-state design relationships, defined by the operating line, affect its transient operations. For the 
hFan, the N1/N2/Wf relations are presented in Figure 10. 

 
Figure 7. Power summation plot. This data was used to find the zero sum power mode which is 
very close to the power split in which the LPM is operating at 66.7% of the maximum power 
extraction mode (bottom blue line) for which the HPM is not used. At this condition, 
approximately the same amount of power is added to the HPS by the HPM as is extracted from 
the LPS by the LPM.  
 

 

 
Figure 8. Comparison of power schedules to 
replace the VBV.  
 

 

 
Figure 9. Replacement of the VBV with power 
modulation and comparing two methods under the 
deceleration transient of Figure 4. 
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The amount of power addition or extraction needed 
on each shaft during a transient in order to remain 
operating on the steady-state operating line can be 
determined using an iterative method, which is 
summarized in the flow chart in Figure B1 within the 
Appendix B. The method uses a back-calculation 
approach, utilizing the equations of motion for the 
shafts, given the moments of inertia of the shafts, their 
speeds, and their accelerations. Equation 1 is used to 
calculate the power addition/extraction needed on the 
shaft at each instant in time.  
 

 �‚
�„
�•�¤

�'
�§ ��� �Z�Z�Z�Z

dt
d

dt
dIP des

des  (1) 

   
where I is the moment of inertia �R�I���W�K�H���V�K�D�I�W�����&���L�V���W�K�H��
�D�Q�J�X�O�D�U���V�S�H�H�G���R�I���W�K�H���V�K�D�I�W�����D�Q�G���&des is the desired angular 
speed of the shaft consistent with the N1/N2/Wf 
relations. As the power modulation is updated, the shaft 
speed responses change and thus an iterative approach 
is needed.  

Recall that the baseline hFan concept applies LPM 
power augmentation for thrust and uses a VBV. In 
Figure 11, a solid blue line illustrates the baseline power 
modulation and stall margin response. Note that only 
HPC stall margin is shown for acceleration. This is 
because the LPC stall margin naturally improves under 
acceleration in the baseline case. The opposite 
phenomenon occurs under deceleration, therefore only 
the LPC stall margin is shown in that case. With TEEM 
implemented, power addition is shown being applied to 
both shafts during acceleration because the natural 
response of both shafts is to lag the fuel flow input due 
to their high inertia. Under these conditions, the LPM 
power modulation changes from a ramp to a step-like 
response for the duration of the acceleration. A smaller, 
sharper peak occurs for the HPM before it tails off. 
However, note that the HPC stall margin overshoot has 
nearly been eliminated and blends into the new steady 
state power setting condition. A somewhat similar story 
is shown in the deceleration case with similar 
improvement in LPC stall margin. 

An examination of the compressor maps in Figure 
12 Figure 13 demonstrate that steady-state-like compressor operation is maintained during the transient operability 
response. 

C. Power Trade Space Studies  
 Ideally, it is desirable to operate the engine on its steady-state operating line at all times. However, as previously 

alluded to in Section 3, this is not necessary to achieve the stall margin reduction benefits of the TEEM concept. Both 
acceleration and deceleration scenarios were considered in a study in which various motor power saturation limits for 
the LPM and HPM were enforced to understand the effect on stall margin. It was found through the simulations that 
only power addition on the HPS is necessary during accelerations, and only power extraction on the LPS is necessary 
during decelerations, to achieve the same compressor operability benefit as was demonstrated with the full power 
augmentation profile in Figure 10. These two special cases are presented next.  

 
Figure 11. Stall margin impact using power 
modulation for an acceleration and deceleration 
transients. 

 

 
Figure 10. The N1/N2/Wf operating line relations for 
the hFan for a flight condition of Mach 0 at sea level 
for power settings ranging from 15% maximum 
thrust to 100% maximum thrust. 
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In Figure 14, the acceleration case is shown with zero augmentation of the LPS beyond the baseline hFan operation 
and the ZSPM schedule to replace the function of the VBV. Various HPM power saturation limits are enforced and 
correlated to the effect on HPC stall margin reduction. In this case, it was found that the HPC stall margin overshoot 
could be eliminated with an approximate peak HPM power of 200 hp. Previously shown in Figure 11, full speed 
control of the HPS required a maximum of about 850 hp. 

Similarly, in Figure 15, the deceleration case is shown with zero augmentation of the HPS other than ZSPM 
schedule implemented to replace the VBV. The spike in HPM power modulation at ~19sec corresponds to the 
activation of the ZSPM schedule. Various LPM power saturation limits are enforced and correlated to the effect on 
LPC stall margin reduction. In this case, it was found that approximately 1200 hp would effectively eliminate the LPC 
stall margin overshoot. Previously shown in Figure 11, full speed control required a maximum of over 2000 hp. 

Several other results were observed but �Q�R�W�� �V�K�R�Z�Q���� �,�W�� �Z�D�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �‡�R�Y�H�U-�S�R�Z�H�U�L�Q�J�·�� �W�K�H�� �/�3�0�� �G�X�U�L�Q�J�� �D�Q��
�D�F�F�H�O�H�U�D�W�L�R�Q���W�U�D�Q�V�L�H�Q�W���U�H�O�D�W�L�Y�H���W�R���W�K�H���+�3�0���F�D�Q���Q�H�J�D�W�L�Y�H�O�\���L�P�S�D�F�W���W�K�H���+�3�&���V�W�D�O�O���P�D�U�J�L�Q���D�Q�G���‡�R�Y�H�U-�S�R�Z�H�U�L�Q�J�·���W�K�H���+�3�0��
during a deceleration transient relative to the LPM can negatively impact the LPC stall margin. Considering the 200 
hp HPM, the amount of energy required for the acceleration transient that must be supplied by the battery is 0.177 
kW-hr. This is only 0.0136% of the energy storage in the hFan batteries. During the deceleration considered in this 
study, 0.326 kW-hr of energy was extracted considering a 1380 hp LPM and this energy could be used to charge the 
battery. 

D. Engine Redesign 
In order to investigate the possible TSFC benefit offered by the TEEM concept, the HPT and LPT flow capacity 

scalars for the hFan model were modified to raise the HPC op-line closer to the stall line. This cycle design 

 

 
Figure 12. HPC and LPC maps with and without 
power modulation to keep the engine operating on 
the steady-state operating line during an acceleration 
transient 

 

 

 
Figure 13. HPC and LPC maps with and without 
power modulation to keep the engine operating on the 
steady-state operating line during a deceleration 
transient 
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modification was established so that the engine just meets its operability constraints14 during a 5-second takeoff 
transient while running with the TEEM LPM and HPM power profiles. The flow scalars are modified such that the 
transient HPC stall margin reaches the same minimum value with the TEEM concept that the nominal engine (with 
transient overshoot of the steady-state stall margin) reaches without the TEEM concept. The modified engine and its 
more aggressively designed HPC op-line should result in a TSFC benefit.18  

This was intended as a preliminary investigation to qualitatively assess that efficiency benefits are possible. They 
were assumed to be physically realizable and to not affect any of the other characteristics of the system relevant to 
fuel burn, such as weight, meaning that the cruise TSFC change is the only objective variable to be considered.  

To determine how these turbine flow capacity scalers should be changed to obtain a TSFC benefit, the engine was 
run steady-state at cruise over a range of net thrust commands with several combinations of flow scalars to help select 
the final turbine scalars for the engine redesign. Figure 16 shows how TSFC, and HPC and LPC stall margins vary 
over thrust setting as the turbine flow scalars are adjusted. Here, cruise TSFC and HPC SM both monotonically 
decrease as the HPT flow scalar is reduced, while LPC SM is not significantly affected. Further, the LPT flow scalar 

 
Figure 16. Change in TSFC, and LPC and HPC stall margins vs thrust level as the LPT and HPT flow 
scalars are adjusted (LPsWc in the legend is the LPT flow scalar, and HPsWc is the HPT flow scalar).  

 

 
Figure 14. HPC SM for various HPM power 
addition limit levels with no additional LPM 
power modulation during an acceleration 
transient 

 
Figure 15. LPC SM for various LPM power 
extraction limit levels with no additional HPM 
power modulation during an deceleration 
transient 
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does not have a monotonic relationship with TSFC or HPC SM, however, reducing it consistently decreases LPC stall 
margin. Given that the minimum HPC SM was increased by about 2.2% by applying the TEEM concept as shown in 
Figure 11, the benefit the TEEM concept offers via engine redesign can be assessed by moving the op-line closer to 
the stall line such that the design HPC SM is reduced by about 2.2%. Based on the results shown here, the LPT and 
HPT flow scalars were chosen to be 1.10 and 0.95 respectively to obtain a TSFC reduction of about 0.75% for a HPC 
stall margin reduction of about 2.2%. 

The next step after choosing how to revise the engine design is to verify that the revised design still meets the 
operability constraints. To do this, the revised engine was run through the same 4.5 second Wf transient, and the 
TEEM power modulation algorithm was run 
with the engine to generate TEEM power profiles 
for the transient. Worth noting is that the power 
addition/extraction required for the redesigned 
engine turned out to be almost identical to those 
for the nominal engine (not shown here). 
Specifically, the root-mean-squared (RMS) 
power difference required for the baseline vs the 
redesigned engine for the LPM computed over 
the 4.5 second transient is 45 horsepower, and 
the RMS difference between the respective HPM 
power levels is 25 horsepower. These are 2.6% 
and 2.9% of their 1750 and 850 horsepower 
motor ratings respectively, which suggests that 
the motor may not need to be redesigned. This 
would be the case assuming that the motors are 
originally designed for a baselined engine and 
later utilized for the redesigned engine. The HPC 
and LPC stall margin responses are shown in 
Figure 17. 

This figure shows that the redesigned engine 
running with the TEEM concept is meeting the 
same minimum HPC SM during a 5-second 
transient as the baseline configuration (nominal 
engine design without the TEEM concept), as measured at a static condition. This shows that the TEEM concept can 
enable a more aggressive design in terms of HPC op-line to get a greater than 0.75% TSFC benefit while still running 
to the same transient stall margins and meeting the same performance (response time) requirements. 

E. Engine Size Implications 
It is also valuable to know for which class of engines the TEEM concept applies. In order to begin answering this 

question, a trade study was done to observe the effect of hFan engine spool inertias on the motor power inputs 
necessary to enable TEEM. Specifically, the low and high spool inertias on the hFan were varied between 50%, 100%, 
150%, and 200% of their respective values, and the TEEM motor power level design function was run to determine 
how much power is necessary. To try and capture an even wider range of high spool inertias, the high spool inertia 
was also varied up to 500% of its nominal value. The peak motor power from the design function, along with the 
scaled inertia values from each run are plotted in Figure 18. Also included are curve fits to show the trends in the data, 
as well as vertical dashed lines corresponding to various spool inertia values known to the authors, providing context 
as to the range covered in the sensitivity study. The inertia values for the 28,000lbf N+3 geared turbofan19 and the 
17,000 lbf hFan9 are computed from unpublished results of WATE++20 scripts for these engines. Both of these engines 
are sized for N+3 single aisle, narrow body aircraft. The Jet Cat shaft inertias are adapted from published work where 
a dynamic model of a small, hobby class turboshaft engine mated to a variable pitch propeller is developed.21 The C-
MAPSS40k inertias are copied from the source code of the C-MAPSS40k engine dynamic model (a 40,000 lbf thrust 
class, dual spool turbofan representing the contemporary state of the art),22 and the 40,000 lbf T-MATS JT9D inertias 
are copied from the source of the JT9D example engine that comes with the Tool for Modeling and Analysis of 
Thermodynamic Systems (T-MATS) Simulink-based modeling package.23  

As can be seen in the figure, the peak motor power required to implement the TEEM concept varies approximately 
linearly with spool inertia. Further, the motor power requirement for one spool primarily depends on the inertia of that 
respective spool, and not on the inertia of the other spool. Another takeaway from this chart is that the study covers 

 
Figure 17. HPC and LPC stall margins with the baseline 
concept, the nominal engine running the TEEM concept, 
and a more efficient design of the engine running with 
TEEM.  

  
 



 
American Institute of Aeronautics and Astronautics 

 
 

13 

the range of low spool inertias for both modern and future technology level engines. However, the study only covers 
the high spool inertia range that is expected to be seen in future, ultra-high bypass or small core engines and not 
engines with a conventionally sized core (noting that C-MAPSS40k and the T-MATS JT9D engines have much larger 
high spool inertias than were tested in this study). Given this data, one can conclude that the TEEM concept should 
be applicable with 1-2MW electric machines for most futuristic, small core engines that target single aisle aircraft. 

Also worth noting is that only the spool inertias were changed; these changes were not accompanied with any 
changes to the cycle or weight/flow path modeling, and so these results are only intended to examine the trend in 
TEEM motor design power versus shaft inertia, and not to determine what are specific, suitable design values for a 
given application. For instance, an engine may be redesigned to have a higher design value for HPC pressure ratio. 
This change may be implemented by adding another stage to the HPC which will change the inertia on the high spool, 
but will also likely result in more shaft power being delivered and extracted on the HPC, which would make a given 
HP motor design power appear smaller in comparison. This means that extrapolating these trends out to a significant 
degree will most likely yield inaccurate results. 

V. Discussion 
The magnitude of the impact that TEEM could make will be dependent on the amount of transient stall margin 

stack that can be reduced, the sensitivity of the engine design, other unknown constraints on the engine design, and 
the present limitations of electronics used to implement shaft speed control on air vehicles. Based on the findings from 
the hFan example, potential significant improvements in stability and or performance could be made. In this example, 
implementation of the TEEM concept led to a 2.2% and 5.7% improvement in HPC & LPC stall margin, respectively, 
and decreased the shaft speed overshoots as anticipated. Although the results are not shown, the peak T4 temperature 
was shaved �E�\�������Û�5. Using the expanded design space, a preliminary engine redesign was attempted by modifying 
the turbomachinery map scalers. This design modification resulted in a greater than 0.75% reduction in TSFC.  

An interesting conclusion that fell out of the power trade studies was that a motor/generator capable of 
adding/extracting the full amount of power required for the engine to remain operating on the steady-state operating 
line is not necessary. In fact, a significantly lower amount of power could be added or extracted by the motor/generator 
and still provide the same or similar benefit. The basic study shows that power needs to be added to or extracted from 
both shafts simultaneously during an acceleration or deceleration transient, respectively, in order to remain on the 
steady-state operating line. However, the benefit to the compressor stall can be obtained by using only power 
extraction on the LPC during deceleration and power addition on the HPC during acceleration. This should reduce the 
overall energy consumption during transients, especially for accelerations. The power extraction during decelerations 
can be used to charge onboard energy storage devices. It was also shown how a variety of power schedules could be 
used to replace the VBV, which provides flexibility with the low power stability control implementation that could be 
utilized to manage energy, such as charging energy storage devices, expelling excess energy, or enforcing zero-sum 
energy accumulation. 

The study also looked at engine size implications and presented results meant to help extrapolate the sizing of the 
electrical devices needed to implement the TEEM concept. For the hFan engine, the motor sizes needed fell within 
the feasibility range of electrical machines that have been already considered for hybrid electric propulsion. The 
amount of power/energy needed to employ the TEEM concept is greatly impacted by the moment of inertia of the 

 
Figure 18. Shaft inertia sensitivity study results. 
 








