
 

 

 

Small-Signal Modeling and Stability Specification of a 

Hybrid Propulsion System for Aircrafts  

Qing Lin 

 

Thesis submitted to the faculty of the  

Virginia Polytechnic Institute and State University 

 in partial fulfillment of the requirements for the degree of 

 

Master of Science  

in 

Electrical Engineering 

 

Rolando Burgos, Chair 

Bo Wen 

Michael R. von Spakovsky 

Jaime De La Reelopez 

 

May 07, 2021 

Blacksburg, Virginia 

 

Keywords: Small-signal modeling, impedance-based stability analysis, electric 

machine, power electronics converter, electric aircraft propulsion, dc distribution system 

 



 

 

 

 

Small-Signal Modeling and Stability Specification of a 

Hybrid Propulsion System for Aircrafts 

 

Qing Lin  

 

(ABSTRACT) 

This work utilizes the small-signal impedance-based stability analysis method to 

develop stability assessment criteria for a single-aisle turboelectric aircraft with aft 

boundary-layer propulsion (STARC-ABL) system. The impedance-based stability analysis 

method outperforms other stability analysis methods because it does not require detailed 

information of individual components for system integration, therefore, a system integrator 

can just require the vendors to make the individual components meet the impedance 

specifications to ensure whole system stability. This thesis presents models of a generator, 

motor, housekeeping loads, and battery all with power electronics interface which form an 

onboard electrical system and analyzes the relationship between the impedance shape of 

each component and their physical design and control loop design. Based on the developed 

small-signal model of the turbine-generator-rectifier subsystem and load subsystem, this 

thesis analyzes the impact of electromechanical dynamics of the turbofan passed through 

the generator on the dc distribution system, concluding that the rectifier can mitigate the 

impact. Finally, to ensure the studied system stable operation during the whole flying 

profile, the thesis provides impedance specifications of the dc distribution system and 

verifies the specifications with several cases in time-domain simulations. 
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(GENERAL AUDIENCE ABSTRACT)  

 

Electric aircraft propulsion (EAP) technologies have been a trend in the aviation 

industry for their potential to reduce environmental emissions, increase fuel efficiency and 

reduce noise for commercial airplanes. Achieving these benefits would be a vital step 

towards environmental sustainability. However, the development of all-electric aircraft is 

still limited by the current battery technologies and maintenance systems. The single-aisle 

turboelectric aircraft with aft boundary-layer (STARC-ABL) propulsion concept is 

therefore developed by NASA aiming to bridge the gap between the current jet fuel-

powered aircraft and future all-electric vehicles. The plane uses electric motors powered 

by onboard gas turbines and transfers the generated power to other locations of the airplane 

like the tail fan motor to provide distributed propulsion.  

Power electronics-based converter converts electricity in one form of electricity to 

another form, for example, from ac voltage to dc voltage. This conversion of power is very 

important in the whole society, from small onboard chips to Mega Watts level electrical 

power system. In the aircraft electrical power system context, power electronics converter 

plays an important role in the power transfer process especially with the recent trend of 

using high voltage dc (HVDC) distribution instead of conventional ac distribution for the 

advantage of increased efficiency and better voltage regulation. The power generated by 

the electric motors is in ac form. Power electronics converter is used to convert the ac 
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power into dc power and transfer it to the dc bus. Because the power to drive the electric 

motor to provide distributed propulsion is also in ac form, the dc power needs to be 

converted back into ac power still through a power electronics converter. With a high 

penetration of power electronics into the onboard electrical power system and the increase 

of electrical power level, potential stability issues resulted from the interactions of each 

subsystem need to be paid attention to. There are mainly two stability-related studies 

conducted in this work. One is the potential cross-domain dynamic interaction between the 

mechanical system and the electrical system. The other is a design-oriented study to 

provide sufficient stability margin in the design process to ensure the electrical systemôs 

stable operation during the whole flying profile. 

The methodology used in this thesis is the impedance-based stability analysis. The main 

analyzing process is to find an interface of interest first, then grouped each subsystem into 

a source subsystem and load subsystem, then extract the source impedance and load 

impedance respectively, and eventually using the Nyquist Criterion (or in bode plot form) 

to assess the stability with the impedance modeling results.  

The two stability-related issues mentioned above are then studied by performing 

impedance analysis of the system. For the electromechanical dynamics interaction study, 

this thesis mainly studies the rotor dynamicsô impact on the output impedance of the 

turbine-generator-rectifier system to assess the mechanical dynamicsô impact on the 

stability condition of the electrical system. It is found that the rotor dynamics of the turbine 

is masked by the rectifier; therefore, it does not cause stability problem to the pre-tuned 

system. For the design-oriented study, this thesis mainly explores and provides the 

impedance shaping guidelines of each subsystem to ensure the whole system's stable 

operation. It is found that the stability boundary case is at rated power level, the generator 

voltage loop bandwidth is expected to be higher than 300Hz, 60ę to achieve a 6dB, 45ę 

stability margin, and load impedance mainly depends on the motor-converter impedance. 
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Chapter 1  

 Introduction  

1.1 Research Motivations 

Electric aircraft propulsion (EAP) technologies have been a trend in the aviation industry for 

their potential to reduce environmental emissions, increase fuel efficiency, reduce operation costs, 

and reduce noise for commercial airplanes. Achieving these benefits would be a vital step towards 

environmental sustainability. However, the development of all-electric aircraft is still limited by 

the current battery technologies and maintenance systems. The single-aisle turboelectric aircraft 

with aft boundary-layer (STARC-ABL) propulsion concept developed by NASA aims to bridge 

the gap between the current jet fuel-powered aircraft and future all-electric vehicles. The plane 

uses electric motors powered by onboard gas turbines and transfers the generated power to other 

locations of the airplane like the tail fan motor to provide distributed propulsion.  

Power electronics-based converter converts electricity in one form of electricity to another 

form, for example, from ac voltage to dc voltage. This conversion of power is very important in 

the whole society, from small onboard chips to Mega Watts level electrical power system. In the 

aircraft electrical power system context, power electronics converter plays an important role in the 

power transfer process especially with the recent trend of using high voltage dc (HVDC) 

distribution instead of conventional ac distribution for the advantage of increased efficiency and 

better voltage regulation. The power generated by the electric motors is in ac form, so a power 

electronics converter is used to convert the ac power into dc power and transfer it to the dc bus. 

Then because the power to drive the electric motor to provide distributed propulsion is also in ac 

form, the dc power needs to be converted back into ac power. With a high penetration of power 

electronics into the onboard electrical power system and the increase of electrical power level, 

potential stability issues resulted from the interactions of each subsystem need to be paid attention 

to. There are mainly two stability-related studies conducted in this work. One is the potential cross-

domain dynamic interaction between the mechanical system and the electrical system. The other 
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is a design-oriented study to provide sufficient stability margin in the design process to ensure the 

electrical systemôs stable operation during the whole flying profile. 

 

1.2 Introduction to STARC-ABL  Onboard Electrical System 

The STARC-ABL is a 150-passenger class commercial aircraft with a traditional ñtube-and 

wingò shape, as shown in Fig. 1-1. The key features include the rear fuselage boundary-layer 

ingestion fan, the T-tail empennage, and the reduced size turbofans allowed by the turboelectric 

propulsion. With the boundary layer ingestion, the engines of the airplane are located near the rear 

of the aircraft thus the air flowing over the aircraft body becomes part of the mix of the air going 

into the engine and is then accelerated out the back thus reducing the drag force, which is beneficial 

in reducing fuel burn in the jet engine. The STARC-ABL concept utilizes the turboelectric 

propulsion architecture in a minimalist way. The two turbofans still provide the most amount of 

thrust, 80% during takeoff and 55% at the top of the climb stage. Only part of the power was 

distributed through an electrical power system to provide distributed thrust. 

 

Figure 1-1 STARC-ABL view 

The two traditional jet engines of the STARC-ABL are mounted under the wings, which contain 

electric generators. Power generated by these generators is sent to the tail of the aircraft. Since the 

STARC-ABL is still a conceptual aircraft, there can be different design solutions of the electrical 
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system on STARC-ABL. A simplified but informative diagram shown below gives an overview 

of one kind of electrical power system structure on the STARC-ABL aircraft. There are two 

symmetric branches each with a turbofan. A generator is connected to the low-pressure (LP) shaft 

and the high-pressure (HP) shaft at each branch, respectively. With the rectifiers, the ac power is 

converted into dc power. There is a motor drive, a housekeeping load, and a battery converter 

connected to the dc bus. The motor drive convert the power back to ac and drive the tail motor. 

Through the clutch and gearbox, the tailfan is driven by the tail motor and provides propulsion for 

the aircraft.  

 
Figure 1-2 STARC-ABL propulsion system diagram 

From the control and operation perspective, the supervisory control receives power lever angle 

(PLA) request from aircraft and sends three separate PLA requests to the two turbofans and the 

tailfan. The turbofan PLA request is converted to speed command and turbofan operates in closed-

loop fan speed control. The induction generator converts mechanical power extracted from 

turbofan to AC electrical power. Generator control holds supply bus voltage constant. Tailfan PLA 

request converted to speed command and tail motors operate under closed-loop speed control. 

Turbofan 

1

Motor/

Generator 1

Motor/

Generator 2

Rectifier 

1

LP

HP
Housekeeping 

loads 1

Battery and

Converter 1

Inverter

Motor 1

Clutch 1

Turbofan 

2
Motor/

Generator 4

Motor/

Generator 3

Rectifier 

2HP

LP Housekeeping 

loads 2

Battery and

Converter 2

Inverter

Motor 2

Clutch 2

TailfanGearbox

DC Bus 1

DC Bus 2



4 

 

Motors are connected to tailfan through freewheeling clutches and gearbox to account for potential 

one-engine-inoperative scenarios. 

1.3 Background on Impedance-based Stability Analysis 

There are many different techniques for stability analysis, such as eigenvalues analysis based 

on the system state-space model, the loop gain, and the impedance-based method. Using the 

impedance-based method, the system being studied can be treated like a black-box, meaning that 

it is not necessary to know the system parameters. Therefore, the methodology used in this thesis 

is the impedance-based stability analysis. The original formulation of the impedance-based 

analysis was proposed by R. D. Middlebrook in 1976. It utilizes the Thevenin representation of 

the equivalent circuit of a converter system to another converter system. For a dc system, the 

subsystem providing the dc voltage regulation can be considered as a ósourceô subsystem, and 

other components can be treated as the óloadô system. The source and load are designed stably with 

an ideal load and an ideal source, respectively. The small-signal impedance of the source and load 

can be derived using an analytical model or using an impedance measurement unit (IMU) in 

practical testing. The source impedance is labeled as ZS and load impedance is labeled as ZL. The 

impedance ratio between the source and load (ZS/ZL) is defined as the ñminor loop gainò of the 

feedback control system. 

                    

Figure 1-3 Impedance analysis of a cascade system 

Nyquist stability criterion can be applied to the minor loop gain for stability assessment because 

it is applied to the loop gain of the closed-loop system. The Nyquist criterion requires the number 

of counterclockwise encirclements of the (-1+j0) point by the characteristic locus to be equal to 

the number of the right-half-plane (RHP) poles of the minor loop gain. In practice, the system 

stability is usually judged by checking whether the locus encircles the (-1+j0) point because RHP 

poles do not usually exist in the minor loop gain. Therefore, the distance between the characteristic 
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locus to the (-1+j0) point can be considered as the stability margin. Based on this, a forbidden 

region on the complex plane can be defined to represent a certain stability margin of a system. 

There are different forbidden region-based stability criteria, as shown in Fig. 1-5. For example, 

the Unit Circle Criterion was also named as Middlebrook Criterion, which requires the 

characteristic locus of the minor loop gain be within the unit circle. The gain margin phase margin 

(GMPM) criterion requires the characteristic locus to be at the right side of the two curves defined 

with certain gain margin PM and phase margin GM. The Opposing Argument Criterion is more 

applied to multiple load cases. It requires the total load characteristic locus to be on the right side 

of the curve , and according to the individual load power, it requires the individual load 

impedance satisfies, .  

 

Figure 1-4 Different forbidden region stability criterion 

In this work, the GMPM forbidden region criterion is used for impedance specifications, which 

will be implemented in the impedance shaping in Chapter 2, impedance analysis in Chapter 3, and 

impedance specifications in Chapter 4. The GMPM forbidden region criterion can also be 

expressed in bode plot form. For example, in the figure below, for a 6dB GM and 60ę PM design, 

the blue curve shows the load impedance, and the red curve shows the load impedance with 6dB 

gain offset and ±120ę phase offset. It requires at the frequency point where the gain of source 
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impedance has an intersection with the red curve, the phase of source impedance should be within 

the region defined by the two red curves in the phase plot. 

 

Figure 1-5 GMPM forbidden region criterion in bode plot form 

1.4 Thesis Outline 

This thesis is organized as followed. Chapter 2 gives a detailed modeling process of the whole 

system as well as each component. In Chapter 3, based on the small-signal model of the turbine-

generator-rectifier subsystem and load subsystem developed in Chapter 2, the impact of 

electromechanical dynamics of the turbofan passed through the generator on the dc distribution 

system is analyzed, concluding that the rectifier can mitigate the impact. Chapter 4 provides 

impedance specifications of the dc distribution system and verifies the specifications with several 

case studies in time-domain simulations to ensure the system stable operation during the whole 

flying profile, which is also based on the impedance model developed in Chapter 2. Chapter 5 

summarizes this work and draws conclusions from the impedance-based stability analysis and 

time-domain simulation results. 
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Chapter 2  

  Modeling of STARC-ABL System Components 

In this work, only one turbofan system is modeled. Meanwhile, considering in general, most 

power is transferred through the low-pressure (LP) shaft, so at the generator side, only the LP shaft 

set is modeled, as shown in Fig. 2-1. There are four subsystems connected to the dc bus, namely 

generator-rectifier, inverter-motor, load-converter, and battery-converter. For each subsystem, the 

model includes a switching model (considering all with power-electronics interface), average 

model, and small-signal model to analyze small-signal stability in further chapters. To begin with, 

the modeling of power electronics converter is introduced, followed by the modeling of the four 

subsystems in detail.  

 

Figure 2-1  STARC-ABL propulsion system with one turbofan diagram 

2.1 Converter Operating Principle and Modeling 

There are various types of topologies of a converter switching network. In this section, a two-

level and a three-level topology are introduced. 

2.1.1 Two-level Converter 

A two-level three-phase voltage source converter is shown below. The switching network can 

be designed using various types of devices including IGBTs, GTOs, and Si MOSFET, according 

to the working condition requirements, such as voltage level and power level. Here the switching 

devices are modeled using the IGBT symbol. For each phase, to avoid an open circuit for ac side 

inductor or short-circuit for dc side capacitor, there can be only one device switching on at any 

time instant. When the top device is switched on, the output phase voltage is equal to Vdc and 

Turbofan 

1

Motor/

Generator 1
Rectifier 

1

LP
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Inverter

Motor 1
Tailfan

DC Bus



8 

 

when the bottom device is on, the output phase voltage is 0 if assuming a zero-voltage potential at 

the negative terminal of the dc side. 

 

Figure 2-2 Two-level voltage source Inverter circuit model 

For control design and stability analysis, the switching characteristic of the devices are not very 

significant, therefore, and the six devices are all modeled as an ideal switch. Because for each 

phase, only one switch can be on. Snx=1 means the corresponding switch is on. 

 
( 2-1) 

 

Figure 2-3 Two-level voltage source Inverter switching model 
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The two-ideal switch in the same phase can be together modeled as a single-pole-double-throw 

switch, as is shown in the figure below. Therefore, a switching variable can be defined as, 

 
( 2-2) 

 

Figure 2-4 Two-level voltage source Inverter switching model 

From the working principles described above, the relationship between the voltage and current 

at the dc side and ac side can be written in the equations below. vabc are respected to N. 

 

( 2-3) 

The line frequency of the converter is usually around 40Hz~70Hz, which is much lower than 

the switching frequency (usually above 10kHz). The switching frequency components in the ac 

side are usually attenuated by the inductor and EMI filter. Therefore, from the modeling aspect, 

the low line-frequency components are considered only. The switching functions can be averaged 

in each switching cycle to obtain the duty cycle of the switch. 
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( 2-4) 

In this manner, the switching models can be converted to the average model, as shown below. 

 
( 2-5) 

The circuit diagram of the average model in ABC frame is, 

 

Figure 2-5 Two-level voltage source Inverter average model in ABC frame 

The electrical variables in the stationary ABC frame are time-variant, making it difficult to 

design a control scheme. An alternative is to convert the time-variant system into a time-invariant 

system by utilizing the rotating DQ frame. To transform the ABC frame to the dq0 frame, Parkôs 

transformation can be used. 

 ( 2-6) 

where for power-invariant transformation, 
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( 2-7) 

 

and for vector-invariant transformation, 

 
( 2-8) 

 

and ‏ is the angle of the position of a axis with time. In this work, the power-invariant Parkôs 

transformation is used. The voltage and current variables in the DQ frame satisfy, 

 

 

( 2-9) 

The circuit diagram of the converter in the DQ frame is shown below. 

 

Figure 2-6 Two-level voltage source Inverter average model in DQ frame 

To derive the small-signal model, the average model is linearized at a certain operating point 

according to, 
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 ( 2-10) 

where X is the operating point and  is the small-signal term. The small-signal model is 

then derived by subtracting the large-signal term.  

The small-signal model of the two-level voltage source inverter is shown below. 

 
( 2-11) 

 

Figure 2-7 Small signal model of VSI 

2.1.2 Three-level Active Neutral-Point-Clamped Converter 

2.1.2.1 Operating Principles of ANPC 

Challenges may appear when designing converter for high voltage and high-power applications. 

For high power converter, there can be two solutions: one is from device level, to use high power 

semiconductor devices, the other is from topology level, to use a multilevel converter. The 

following figure shows four categories of the multilevel converter, namely flying capacitor, 

neutral-point-clamped (NPC) type, cascaded type, and hybrid. A three-level active neutral-point-

clamped (ANPC) converter is one kind of multilevel converter. Compared with other types of 

multilevel converter, ANPC is suitable for high-power medium voltage level (kilovolts) 

applications. It features better thermal balance, high efficiency, and can also be designed with 

bidirectional power flow. Therefore, ANPC is suitable for applications in the STARC-ABL 

system. 
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Figure 2-8 Different topology of Multilevel Converter 

ANPC is originated from a diode neutral-point-clamped (DNPC) converter. Here the model and 

operating principles of DNPC are first given. Compared with a two-level converter, for each phase 

leg, there are two additional switching devices, and the middle points of the two devices at the top 

and bottom, and the two dc capacitors are connected through two clamping diodes (Dp and Dn), as 

shown below. The output voltage and current are both bidirectional, so there are in total four stages 

as shown in the right figure below, with the corresponding switching states of the four active 

devices in the following table. For example, at the first quadrant, the current flows output of 

terminal va, and the output voltage is vpo. At this state, S2 is on, and S1 is at a high switching 

frequency to modulate certain output voltage waveforms with DP as the freewheeling diode. 

Table 2-1 Switching states 
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Figure 2-9 One-phase leg configuration and operating stages of DNPC 

To get an ANPC topology from DNPC, one just needs to replace the clamping diode with two 

switching devices (Sp and Sn), with one phase leg shown below. With controllable switching 

devices, the neutral current path can be flexibly configured to design more varieties in modulation 

schemes, balance voltage stress across the devices (S1 and S2, S3 and S4), and achieve better loss 

distribution. For example, when the current conduction path is through S1 and S2 to point P, Sn can 

be on to clamp the middle voltage of S3 and S4 to be the voltage of O point, so that the voltage 

across S3 and S4 are both Vdc. The same as DNPC, there are four possible electrical stages with 

bidirectional current and voltage, as shown in the right figure below. For example, at the first 

quadrant with current flowing out of terminal va which is connected to point P, S2 is on all the 

time, while S1 is at high switching frequency with the body diode of S2 commuting current 

between O and P. 



15 

 

                           

Figure 2-10 One-phase leg ANPC configuration  

 

Figure 2-11 Four operating stages of ANPC 

A three-phase topology of ANPC is shown below. There are different modulation schemes for 

ANPC. One example is shown below. Two high-frequency triangle modulator waveforms, with 

magnitude from 0 to1, and -1 to 0 respectively, are compared with three-phase carrier signals. S2 

and S3 switch are complementary at line frequency, meaning that S2 and S3 switch at the instant 

when the carrier signal crosses 0. At the positive half cycle of the carrier signal, when the carrier 

waveform is larger than the top modulator waveform, S1 is on while Sp is off, and vice versa. So 

Sp and S1 are high frequency complementary. At the same time, S4 is kept off, and Sn is on. At the 

negative cycle of the carrier waveform, when the carrier waveform is larger than the bottom 
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modulator waveform, Sn is on while S4 is off, and vice versa. So S4 and Sn are high-frequency 

complementary. At the same time, S1 is kept off, and Sp is on. From the above analysis, S2 and S3 

mainly bear conduction loss, while Sp, Sn, S1, and S4 need to handle switching loss. 

 

Figure 2-12 Three-phase ANPC converter configuration 

           

Figure 2-13 SPWM Modulation of ANPC 

2.1.2.2 Switching Model and Modulation Scheme 

For each phase leg of the ANPC, the output terminal has three possible connections, to P, to O, 

or N. Therefore, ideally, the switching devices of each phase leg can be model as a single-throw-

triple-poles switch, as Sa, Sb, and Sc showed in the figure below. Nine switching variables are 

defined, Sap, Sao, San, Sbp, Sbo, Sbn, Scp, Sco, and Scn. If A connects with P, then Sap=1, otherwise 

Sap=0. The same principle applies to the definitions of the rest of the switching variables. From the 

definition,  can be obtained because only one point among P, O, and N will be 

connected to A. The same rule also applies to phase B and phase C. 
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Figure 2-14 Three-phase ANPC converter switching model 

From the circuit above, the following equations can be derived.               

 

( 2-12) 

 

( 2-13) 

Since there are three possible switching states of each switch variables Sabc, there are in total 27 

switching states. For example, PON means Sap=1, Sbo=1, and Scn=1. The 27 switching states result 

in 18 different line-to-line voltage vectors, as shown in the graph below.  

 

Figure 2-15 Voltage vector diagram of three-phase ANPC converter 

As can be seen from the space vector diagram, the voltages vectors have three different lengths. 

The yellow ones are the long vectors, the blue ones are the medium vectors, and the red ones are 

the short vectors. For any voltage vector located in the vector diagram above, it can be decomposed 
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into three nearby voltage vectors. For example, for any voltage vector located within the region 

circled by the triangle in red above, it can be accomplished by using a certain duty cycle of vector 

PNN, PON, and POO or ONN in one switching cycle. Another goal of a proper modulation scheme 

is to keep the neutral point O voltage potential balance, which is essential to maintain a good output 

voltage and current waveform, reduce harmonics and maintain proper functions of the converter. 

Below is the analysis of the source of imbalance of point O and how to solve the imbalance issue. 

The following figures show the current direction of the four switching states mentioned above. 

From (a), current ia is driving current out of the top capacitor, however, since there is no branch 

connecting to the O point, the discharge amount from both the top and bottom capacitor similar 

thus there is not much imbalance for point O. From b, current ia or ic, and current ib forms a loop 

to discharge the top capacitor, which results in a significant amount of voltage change for point O. 

The relative amount of current ia and ic will decide whether O voltage potential increases or 

decreases. So the medium vector is the source of the imbalance problem. From c, ONN results in 

a decrease of O voltage potential while POO increases voltage potential. Therefore, a design with 

a proper composition of ONN and POO can be implemented in the space vector modulation 

scheme to compensate for the voltage imbalance caused by the medium vector. 

 

Figure 2-16 Long, medium, and small vector example 

2.1.2.3 Average Model 

If averaging the switching model equations above over one switching cycle, the average model 

of ANPC can be obtained, like the equations and figure below.        
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( 2-14) 

 

( 2-15) 

 

Figure 2-17 Three-phase ANPC converter average model in ABC frame 

By applying Parkôs transformation to the equations above, the average model of ANPC in the 

DQ frame can be obtained. 

Voltage in DQ model: 

 ( 2-16) 

Current in DQ model: 
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 ( 2-17) 

The duty cycle in the DQ frame can be calculated as, 

 ( 2-18) 

The circuit model in the DQ frame is shown below. 

 

Figure 2-18 Three-phase ANPC converter average model in DQ  frame 

Dd and Dq can be obtained by ac side current control. This part will be illustrated in detail in 

the latter part. In addition to AC current control, the DC capacitor voltage should also be balanced, 

which is realized by a proper design in the space vector modulation. 

2.2 Modeling and Control Design of Induction Generator 

2.2.1 Operating Principle and Modeling 

A squirrel-cage induction generator driven by a turbine and transferring power to a dc bus 

through a rectifier is shown below. To start up the induction generator, a battery is connecting to 

the dc bus first to generate a three-phase sinusoidal current at stator windings to build up a rotating 

magnetic field that has the same speed as the stator electrical frequency ‫ . The rotor speed ‫  is 
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decided by the turbine and gear ratio. At generator mode, >‫‫ . Current is induced in the rotor 

bar by the rotating magnetic field generated by the stator current because of the frequency 

difference. After the start-up process, the battery is removed, and active power flows from the rotor 

side to the stator side and the dc bus. 

 

Figure 2-19 Turbine-generator-rectifier System 

The general structure of a squirrel cage induction generator is shown below. 

 

Figure 2-20 SCIG structure 

There are different ways to model an induction machine. One way is using a óTô type 

transformer model. The model in the ABC frame is shown below. s is the slip ratio, which is 

defined as ‫ ‫ ‫ϳ . 

 

Figure 2-21 Induction generator model in ABC frame 

Parameters Rs, Lls, Llr, Lm, and Rr can be obtained through the following three types of tests, 

DC measurement test, medium-frequency single-phase test, and no-load test. 



22 

 

2.2.1.1 DC measurement test 

DC voltage is applied across two-terminal, A and B for example. All the inductors in the circuit 

are shorted, so is the rotor side circuit.  

   

Figure 2-22 DC measurement test 

Therefore, only Rs functions in the circuit. By measuring the dc current, Rdc can be calculated 

as, 

Ὑ
6

Ὅ
 ( 2-19) 

For delta-connected stator windings,  

Ὑ Ὑ
σ

ς
Ὑ  ( 2-20) 

2.2.1.2 medium-frequency single-phase test 

A 45Hz ac voltage is applied to the A and B terminals, and the rotor is held still so that slip s is 

equal to 1. With medium-frequency excitation, ȿὮ‫ὒȿḻȿ Ὦ‫ὒȿ so the magnetizing branch 

is shorted by the rotor equivalent circuit. 

 

Figure 2-23 Medium-frequency single-phase test 

The total terminal impedance can be calculated as,  

ὤ
ὠ

Ὅ
Ὑ Ὦ‫ὒ ( 2-21) 
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where V is the applied terminal voltage, and I is the measured terminal current. 

Ὑ Ὑ Ὑ, ὒ ὒ ὒ  ( 2-22) 

With Rs known, Rr can be calculated. The relationship between Lls and Llr is usually given in 

the machine datasheet so that the value of Lls and Llr can also be obtained. 

2.2.1.3 no-load test 

A 60Hz ac voltage is applied to the A and B terminal, and the rotor rotates at the synchronous 

speed, so that slip s is equal to 0. ȿὮ‫ὒȿḺȿ Ὦ.‫ὒȿ. The rotor side circuit branch is open 

 

Figure 2-24 No-load test 

The total terminal impedance can be calculated as,  

ὤ
ὠ

Ὅ
Ὑ Ὦ‫ὒȟὒ ὒ ὒ  ( 2-23) 

With Lls known through the medium-frequency single-phase test, Lm can be calculated. 

The induction generator model in the DQ frame is shown below. The d axis is aligned with the 

rotor flux linkage. Thus ‗ π and ‗ ‗ . 

 

Figure 2-25 Induction generator with rectifier average model in DQ frame 
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‗ ȟ‗ ȟ‗ ȟ‗  are the flux linkage of the rotor side and stator side in both the d axis and q 

axis respectively, which can be calculated using the current information. 

‗ ὒὭ ὒ Ὥ Ὥ  

‗ ὒὭ ὒ Ὥ Ὥ  

‗ ὒὭ ὒ Ὥ Ὥ  

‗ ὒὭ ὒ Ὥ Ὥ  

( 2-24) 

With ‗ π, it can be inferred from the circuit that Ὥ π. The steady-state operating can be 

obtained by solving the following equations. 

Ὀὠ ὙὍ ‫ ὒὍ ὒ Ὅ Ὅ  

π ὙὍ ‫ ‫ ὒὍ ὒ Ὅ Ὅ  

Ὀὠ ὙὍ ‫ὒὍ ὒ Ὅ Ὅ  

π ὙὍ ‫ ‫ ὒὍ ὒ Ὅ Ὅ  

ὈὍ ὈὍ
ὠ

Ὑ
 

( 2-25) 

The electromagnetic toque and active power can be calculated using, 

 
( 2-26) 

Where p is the number of poles. 



25 

 

To perform Parkôs transformation to the generator ABC model, itôs necessary to obtain the rotor 

flux linkage position information. Considering the difficulty in measuring the flux angle, here the 

rotor flux angle is estimated through the measured current. 

The following equations hold for the induction machine, 

 
( 2-27) 

So, 

 

( 2-28) 

The rotor flux linkage angle can be estimated using the following blocks. 

 

Figure 2-26 Induction generator rotor flux angle estimation 

Where the rotor flux angle calculation block includes, 
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Figure 2-27 Rotor flux angle calculation in Simulink 

2.2.2 Control Design 

A vector control scheme is applied to the induction machine. The figure below shows the flux 

linkage of the stator and rotor relative positions in the DQ frame. ‗ is the rotor flux linkage and 

‗ is the stator flux linkage. ‗  and ‗  are the stator flux linkage decomposition in the DQ frame. 

 

Figure 2-28 Induction generator rotor flux and stator flux decomposition in DQ frame 

Active power is generated when the flux linkage of the stator and rotor side has an angle 

difference. Since rotor flux linkage is at the d axis, this indicates that the stator flux linkage at the 

d axis is linked with reactive power, and stator flux linkage at the q axis is linked with active 

power. 

With ‗ π, in steady-state,  
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( 2-29) 

From the equations above, it can be seen that  is proportional to . Therefore, by controlling 

, the reactive power can be controlled. And reactive power is related to the ac voltage magnitude. 

 is both related to  and . With  being controlled to control reactive power, active power 

is controller through controlling . The dc bus voltage is related to active power transfer. 

Therefore, the control scheme is designed as below, the outer loops are the ac voltage and dc 

voltage loop, and the inner loop is the current loop. 

 

Figure 2-29 Control diagram of induction generator with rectifier 

The tuning of the PI controller in the current loop and voltage loop utilizes the linear-analysis 

tool and PID tuner tool in Simulink. 

For example, for the current controller, first, the open-loop transfer function at the 

rated operating point is obtained through linear analysis. Then, the open-loop transfer functions 

are imported into the PID tuner respectively. The tuner tool will generate proper values for kp and 

ki after certain bandwidth and phase margins are set. Shown below is the GUI of the PID tuner 

tool. 
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Figure 2-30 Tuning PI controller in Simulink using PID tuner 

The current loop bandwidth is set at 1.25kHz with a 45-degree phase margin. The dc voltage 

controller is tuned to have 140Hz bandwidth with a 70-degree phase margin. The ac voltage 

controller is tuned to have 4Hz bandwidth and a 56-degree phase margin. The small-signal model 

of the power stage circuit is, 

 

Figure 2-31 Power stage small-signal model of induction generation with rectifier 

After adding the control loops, the small-signal model of the generator-rectifier system is, 
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Figure 2-32 Transfer function flowchart form of closed-loop  induction generation with rectifier small-signal model 

Where the blocks in pink are derived from the power stage small-signal model, ἑἱ represents 

the dynamics of the rotor flux angle estimation process, the blocks in orange represent the transfer 

functions of the controllers and control delay. 

ἑἱ is obtained following the derivation shown below, 

 
( 2-30) 

The transfer functions of the controllers and control delay are shown below. 
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( 2-31) 

The output impedance can be solved using,  

ὤ
ὺ

Ƕ
 ( 2-32) 

The plot ὤ  below shows the output impedance without adding an outer voltage loop. The 

magnitude at low frequency is equal to 20log(), and phase is 0 because the generator with the 

rectifier functions as a constant power source. 
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Figure 2-33 Induction generator with rectifier output impedance without voltage loop  

The impedance plot ὤ  below shows the output impedance with the outer voltage loop. 

Compared with the impedance shown above, the impedance magnitude is attenuated at low 

frequency, and the phase is pushed to 90 degrees. This is because ὤ , where Ὕ is the 

voltage loop open-loop gain. And Ὕ can be approximated as an integrator in low frequency.  
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Figure 2-34 Induction generator with rectifier output impedance with voltage loop  

2.3 Modeling and Control Design of Permanent Magnet Synchronous 

Machine 

2.3.1 Generator Mode 

2.3.1.1 Operating principles and modeling of permanent magnet synchronous generator 

The structure of a one-pole pair permanent magnet synchronous machine (PMSM) is shown in 

the figure below.  Unlike an induction machine, the magnetic field of a PMSM is built up by the 

magnetic rotor. When the rotor rotates, the magnetic field rotates with the rotor so that there is a 

speed difference between the stator windings and magnetic field, resulting in an electromagnetic 

force (EMF) in the stator windings. In generator mode, when the stator windings connect to a load, 

there will be ac current flowing from the stator to the load. So the output voltage of the generator 

is equal to the EMF minus the voltage drop on the stator winding resistance, as described in the 

following equation, where iabc is the stator winding current, vabc is the stator output voltage, Ra is 

the winding resistance, and ɰ  is the winding flux linkage in the ABC frame. 
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Figure 2-35 Simplified diagram of a one-pole pair PMSM 

 

( 2-33) 

After applying Parkôs transformation to the equation above, the generator model in the DQ 

frame can be derived, as shown below. The d axis is aligned with the rotating magnetic field, and 

the q axis is aligned with the motor torque direction. T is Parkôs transformation matrix from ABC 

frame to DQ frame. ‫  is the stator's current frequency. ɰ  and ɰ  are the flux linkage in the DQ 

frame. 

 

( 2-34) 

The flux linkage is also a function of the current, as shown below, where ‗ is the voltage 

constant. 

 
( 2-35) 
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As such, the power stage of the generator can also be written as, 

 
( 2-36) 

The equivalent circuit of the PM generator in the DQ frame is, 

 

Figure 2-36 PMSM model in DQ frame 

The electromagnetic torque can be calculated using the voltage constant and iq for a non-salient 

machine because Lds is equal to Lqs. P is the number of pole pairs of the machine. Noted here that 

because a power-invariant Parkôs transformation is used, the coefficient is  . If a vector-invariant 

Parkôs transformation is used, then the coefficient would be . 

 ( 2-37) 

The motion of the generator is model as a mechanical input. It can be a mechanical torque input 

or speed input. If the input is a constant mechanical torque, the rotor speed can be derived as the 

following equation, where J is the rotor inertia, and F is the rotor friction coefficient. 

 
( 2-38) 

2.3.1.2 Generator with converter 
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The figure below shows the power stage of a case when the output of the generator feeds into 

a three-phase two-level rectifier and transfer power to a DC load. 

 

Figure 2-37 PMSG with inverter and dc load 

With the DQ model of the two-level converter analyzed in section 1.1 and the generator DQ 

model in 1.3.1, the overall model of the generator-rectifier can be derived as the figure and 

equations below. 

 

Figure 2-38  Average model of PMSM with rectifier in DQ frame 

 ( 2-39) 

By linearizing the average model at a certain operating point, the small-signal model of the 

system can be obtained. For example, for term ddid, 
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 ( 2-40) 

The small-signal model of the whole circuit model is, 

 

Figure 2-39 Small-signal model of PMSM with rectifier in DQ frame 

 ( 2-41) 

This system utilizes a dual loop vector control strategy, which is composed of an outer voltage 

loop and an inner current loop, as shown in the figure below. Since the d axis is aligned with the 

rotating magnetic field, the reactive power is controlled through the d axis current. For unity power 

factor control where reactive power is zero, id is controlled to be zero through setting idref to be 

zero. The q axis is aligned with the motor torque, so the active power can be controlled by 

controlling iq. With a certain load, the dc bus voltage represents the active power, so the reference 

value of iq can be given by controlling dc bus voltage to be an intended value. The angle for 

performing ABC/dq0 transformation in vector control is obtained using an encoder. Since for 

synchronous generators, the rotor speed is the same as stator electrical speed, therefore, the 

electrical angle can be obtained through the rotor position. 
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Figure 2-40 Vector control scheme of PMSM with rectifier  

The current controller is mainly composed of a PI controller and decoupling terms in both the 

d axis and q axis. There are two ways to design the PI controller. One way is to derive the 

bandwidth of the current loop. The current controller can be written as, 

 
( 2-42) 

When designing the current controller, the dc voltage vdc can be assumed as constant, because 

the current loop is much faster than the voltage loop. Usually, when the current loop bandwidth is 

more than 10 times the voltage controller bandwidth, such an assumption can be made. Combining 

the equations above with the power stage equations, itôs easy to find the closed-loop transfer 

function. 

 

( 2-43) 

 

( 2-44) 

Where ‫  the designed current loop bandwidth. From the power stage,  

 ( 2-45) 
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Considering the current loop is much faster, when the voltage loop is working, the output of the 

current controller has already reached its corresponding steady-state, meaning that id has reaching 

zero and Dq can be used for DQ here.  

 ( 2-46) 

With the estimated closed-loop current loop gain, an approximation of the voltage loop can also 

be made. The closed-loop voltage loop is shown in the block diagram below. The closed-loop 

voltage loop is, 

 

( 2-47) 

 

Figure 2-41 Voltage loop design 

Where kiv and kpv can be designed so that, , so that 

 ( 2-48) 

And kpv can be adjusted to achieve certain bandwidth by plotting the bode plot of Tv. 

The other way for current loop or voltage loop PI controller tuning is to utilize the Simulink 

PID tuning tool, which has been illustrated in 2.2. 

Noted that because the expressions for voltage loop and current loop gain above are an 

estimation for design purpose, the accurate current loop gain needs to derive through the small-

signal model. The small-signal model of the closed-loop system is shown below. The blocks in 

pink represent the open-loop transfer functions from the input signals to the state variables, 

respectively. The blocks in orange represent the voltage controller and current controller ἑἫἱȟἑἫἾ. 
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 ἑἬἭἱȟἑἬἭ  are the current decoupling terms and frequency decoupling terms, and ἑἬἭἴ is the 

control delay approximation.  

 

Figure 2-42 Small-signal model of closed-loop PMSM with rectifier  

 ( 2-49) 

From the control diagram above, the accurate expression of open-loop current loop gain, and 

open-loop voltage loop gain can be derived. 

 ( 2-50) 

 ( 2-51) 

With 1.5kHz current loop bandwidth and 10 Hz voltage loop bandwidth, the current loop and 

voltage open-loop gain bode plot are shown below. 
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Figure 2-43 Current-loop open-loop gain 

 

Figure 2-44 Voltage loop open-loop gain 
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2.3.2 Motor Mode - PMSM 

2.3.2.1 Operating Principles and Modeling of PMSM 

Compared with the generator mode, a permanent magnet synchronous machine working at 

motor mode has three-phase voltage provided at the stator winding side. The motion of the motor 

is obtained from the electrical torque, as shown in the equation below, where ‫  is the rotor 

mechanical speed, P is the number of poles, Jm is the rotor inertia, and B is the rotor friction 

coefficient. 

 

( 2-52) 

The power stage of the PMSM in the ABC frame can be written as the equation below, where 

vabc is the terminal voltage of the stator winding, iabc are the stator winding current, eabc is the back 

emf, ʇ  are the flux linkage. Part of the input voltage drops on the stator winding resistance and 

mostly applies to the stator winding inductance to provide back emf.  

 
( 2-53) 

Applying Parkôs transformation to the equation above, the DQ model can be obtained. The d 

axis is aligned with the magnetic flux, and the q axis is aligned with the torque. 

 

( 2-54) 

The flux linkage ‗  can also be written as 

 

( 2-55) 
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Therefore, the motor model in the DQ frame is, 

 

( 2-56) 

where ‫  is the stator winding current frequency, ‗  is the voltage constant. The electrical 

torque can be calculated as below. For non-salient machine, Lds=Lqs. 

 ( 2-57) 

The motor circuit model in the DQ frame is shown below. 

 

Figure 2-45 PMSM model in DQ frame 

2.3.2.2 Motor with Converter 

The power stage of the VSI-PMSM switching model is shown below. 

 

Figure 2-46 Configuration of PM motor with VSI 
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According to the converter average model analysis in section 1.1 and motor model in ABC 

frame in section 1.3, the average model in ABC frame of the subsystem above is, 

 

Figure 2-47 Average model of PM motor with VSI in ABC frame 

By connecting the DQ model of the VSI and motor, the subsystem DQ model can be obtained. 

 

Figure 2-48 VSI-motor average model in DQ frame 

 ( 2-58) 
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By linearizing the average model at a certain operating point and subtracting the large-signal 

terms, the small-signal model of the system can be derived, 

 

 

Figure 2-49 VSI-motor small-signal model in DQ frame 

This VSI-PMSM system utilizes a dual-loop vector control scheme. The outer loop is the speed 

control, and the inner loop is the current controller. The current controller is shown below. In both 

the d and q axis, there is a PI controller and decoupling terms of both the current and speed. 

 

Figure 2-50 Current loop of VSI-PMSM 

 ( 2-59) 
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Combining the equations above and the power stage equations, the closed-loop transfer 

functions can be derived. 

 

( 2-60) 

So kp and ki can be defined as below to designing the bandwidth as wc. 

 

( 2-61) 

The speed control loop is shown below. 

 

Figure 2-51 Speed loop of VSI-PMSM 

Considering the current loop is much faster than the speed loop, so iq is approximate as iqref in 

the speed loop analysis. From the loop diagram above, the speed loop open-loop and closed-loop 

transfer functions before adding the pre-compensator is, 

 ( 2-62) 

After adding the pre-compensator, the closed-loop transfer function is, 

 ( 2-63) 

So, kp and ki can be selected as, 
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( 2-64) 

The damping coefficient ‟ can be selected as 0.707 for a well-designed second-order system. 

The alternative to tune kp and ki is to use the Simulink PID tuner to obtain a certain speed loop 

bandwidth and phase margin as introduced in the previous section. 

For both the speed controller and current controller, a limiter is expected to be included to avoid 

overcurrent issues. To avoid wind-up after the limiter hits upper and lower limits, an anti-windup 

scheme is added. For example, the pink blocks are the anti-windup parts for the speed controller 

part. Similar designs are also applied in the current controller. 

 

Figure 2-52 Speed controller with an anti-windup scheme 

Given that , kaw can be designed as, . 

The small-signal model of the closed-loop system is shown below. d, vdc, and TL are defined as 

input signals. iL and ‫  are defined as state variables. The blocks in pink represent the open-loop 

transfer functions from the input signals to the state variables, respectively. These transfer 

functions are derived from the power stage small-signal models. The blocks in orange represent 

the speed controller and current controller ἑἫἱȟἑἫ  . ἑἬἭἱȟἑἬἭ  are the current decoupling terms 

and frequency decoupling terms, and ἑἬἭἴ is the control delay approximation.  
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Figure 2-53 Small-signal model of VSI-PMSM 

From the small-signal model above, the input dc impedance of the VSI-PMSM subsystem can 

be derived. 

 ( 2-65) 

With , the input 

impedance is shown in the figure below. At low frequency, the impedance magnitude is equal to 

20log( ), and phase is around -180 degrees. This is because of the functions of the speed 

controller at low frequency, which controlling the VSI-PMSM to be a constant power load. At 

high frequency, the magnitude has a negative slope, and the phase converges to -90 degrees. This 

is because, at high frequency, the converter appears to be a capacitor because of the input dc 

capacitor. The magnitude of the impedance is around 20log(). 
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Figure 2-54 Input impedance of closed-loop VSI-PMSM system 

2.4 Modeling and Control Design of Constant Power Load 

2.4.1 Power stage design 

A generic dc-dc converter model is used in the designing of the housekeeping load and battery 

converter. In a housekeeping load application, the power flows from the dc bus side to the load 

side. Since the voltage is converted from a higher voltage level to a lower voltage level, itôs 

considered a buck converter. The switching model is shown below. 
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Figure 2-55 Switching model of a dc-dc converter for housekeeping load application 

In a power stage design, the dc bus voltage, load working voltage, and load power are usually 

known. The rated duty cycle can be calculated as, 

Ὀ
ὠ

ὠ
 ( 2-66) 

The buck inductor can be designed by specifying the current ripples, for example, 20% of rated 

current, 

ὒ
Ὀ ὠ ὠ

ςπϷὍὪ
 ( 2-67) 

The load side capacitor can be designed by specifying the voltage ripples, for example, 5% of 

the rated voltage, 

ὅ
ςπϷὍ

ψὪ υϷὠ
 ( 2-68) 

The dc side capacitor can be designed by specifying the dc bus voltage ripples, for example, 

0.1% of the rated voltage, 

ὅ
ρ Ὀ Ὅͺ

Ὢ πȢρϷὠ
 ( 2-69) 

In a battery converter application, the power flows from the battery side to the dc bus side. 

Since the voltage is converted from a lower level to a higher level, itôs regarded as a boost 

converter. 
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Figure 2-56 Switching model of a dc-dc converter for battery application 

The design of the boost inductor current, battery side capacitor, and dc bus capacitor are similar 

to the process when designing a buck converter.  

The switching network in a dc-dc converter can be modeled as a single-pole-double-throw 

switch, as shown below. In one switching cycle T, the switch connects to terminal 1 in D*T of 

time and connects to terminal 0 in (1-D)*T of time. When the switch connects to terminal 1, Ὥ is 

equal to Ὥ and ὺ is equal to ὺ . While, when the switch connects to terminal 0, Ὥ is equal to 0 

and ὺ is equal to 0. 

 

Figure 2-57 Switching model of dc-dc converter 

Therefore, the average model of the switching part can be written as, 

Ὥ Ὀ Ὥ 

ὺ Ὀ ὺ  

( 2-70) 
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The average model of the whole circuit is shown below. The two equations above can be 

interpreted using two control sources, a controlled voltage source in the low voltage side circuit, 

and a controlled current source in the high voltage side circuit. 

 

Figure 2-58 Average model of a dc-dc converter  

2.4.2 Control Design 

2.4.2.1 Housekeeping load 

When the dc-dc converter is used in the housekeeping load application, the load side voltage is 

expected to be constant. Therefore, a voltage loop is needed in the control design, as shown below. 

A constant voltage reference is given. And the output of the voltage controller is the current 

reference for the inner current loop. Both voltage controller and current controller utilizes the PI 

controllers. The control and sampling delay can be modeled using a first or second-order 

approximation. 

 

Figure 2-59 Control scheme of a housekeeping load 

As in the three-phase converter design, there are two ways to tune the PI controller. 

The first way is to derive the closed-loop loop gain transfer function, and by manipulating the 

PI parameters to get a certain bandwidth and phase margin. 
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The second method is by using the Simulink PID tuner tool. The open-loop transfer functions 

should be derived and imported into the PID tuner block. After the desired bandwidth and phase 

margin are set, Simulink would give proper values for both kp and ki. 

2.4.2.2 Battery Converter 

a. Constant power source mode 

The output voltage of a battery is usually regulated by the inner control, therefore, the battery 

here is modeled as a constant voltage source. When the battery works as a constant power source 

mode, only a current loop is needed to provide certain power to the dc bus. The current reference 

is calculated by, 

Ὅͅ
ὖ

ὺ
 ( 2-71) 

The current control loop is shown below. The output of the current controller gives the reference 

value for the duty cycle. And through a modulation scheme, the gate signal can be generated. 

 

Figure 2-60 Control scheme of a battery converter 

b. Regulating dc bus mode 

In some scenarios, the battery converter is responsible for regulating the dc bus voltage. 

Therefore, like in the housekeeping load application, additional voltage control is needed. The 

main difference from the housekeeping load application is that here the output dc bus voltage 

instead of the battery side voltage is controlled. 
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Figure 2-61 Control scheme of a battery converter with dc bus voltage regulation 

2.5 Filter Design 

EMI issues appear in most power electronics-based systems because of the high-frequency 

switching noises. There are two kinds of EMI noise, common-mode (CM) noise, and differential 

mode (DM) noise. Here it is assumed that there is no large capacitive coupling between the 

converter and ground, so the CM noises are not considered. EMI filter is an effective way in the 

design to meet EMC regulation. It either blocks the EMI noise in the path or diverts it to another 

path and reduces the measurement level from the test setup. Itôs placed close to the power 

connector or cable which passes through the shield and connects to the outside source or load. 

For any given circuit, the design of the EMI filter (either CM or DM) follows the same 

procedure. The switching circuit which produces high-frequency noises is modeled simply as a 

noise source VN with an internal impedance Zin. For all the load components connected to the dc 

bus, the dc bus voltage is modeled as a constant voltage source. A filter will be placed between the 

noise source and the dc bus to avoid EMI pollution from the converter to the dc bus voltage. 

 

Figure 2-62 Modeling of a noise source  

There are four major types of filters that separate noise by frequency, low-pass filter, high-pass 

filter, band-pass filter, and band-elimination filter. Low-pass filters are often used as the EMI 

suppression filter. Low-pass filters are constructed by inductor and capacitor. An inductor is used 
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in series with power lines to block noise and a capacitor is used as a shunt to bypass the noise. 

There are different kinds of filter structures, for example, single C filter, LC filter, and LCL filter. 

A single-stage filter provides -20dB/dec noise attenuation, a two-stage filter provides -40dB/dec 

attenuation, and a three-stage filter provides -60dB/dec attenuation. A commonly used kind is the 

LC filter. Here an LC filter design example will be given. 

 

Figure 2-63 Different types of EMI filter 

In some standards, a specific LISN will be given to measure the bare noise. A type of LISN is 

given below. The main function of the LISN is to block the noise entering the input path and divert 

the high-frequency noise to the terminators so that the measured results can more accurately reflect 

actual noise generated by the noise source. 

 

Figure 2-64 EMI measurement with LISN 

The EMI filter design is referred to as the DO160E standard for the load subsystem. And the 

LISN is ignored because no specific LISN parameters are given in the DO160E. To design an EMI 
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filter, the first step is to measure the bare noise. Itôs obtained using simulation results. For example, 

for the dc-dc converter, as shown below, the bare current noise can be measured at the dc side. 

 

Figure 2-65 DC bus current noise measurement in simulation 

The second step is to apply FFT to the bare noise to obtain the noise spectrum. And then the 

required noise attenuation level can be calculated using, 

Mag(Attenuation)= Mag(bare noise) ς Mag(Standard) + Mag(margin) ( 2-72) 

where margin can be selected as 6dB. Given that an LC structure is chosen, a 40dB/Decade line 

can be drawn to obtain the required cutoff frequency (fR,DM) for the filter, as shown in Fig. 2-65. 

 

Figure 2-66 Noise attenuation with 40dB/dec gain 

Then a certain capacitance can be chosen first, and the corresponding inductance value can be 

calculated using,  

ὒ
ρ

‫ὅ
 ( 2-73) 

!ǘǘŜƴǳŀǘƛƻƴ 
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Last but not least, insert the designed LC filter between the noise source and the dc bus to obtain 

the noise spectrum again and check if the noise spectrum satisfies the standard requirement, if not, 

reduce the cutoff frequency and repeat the steps above. 

The noise spectrum without filter, DO160E standard curve, and noise spectrum with filter are 

shown in blue, red, and yellow respectively in the plot below. It can be observed that the noise 

peak is the multiple of the switching frequency 20kHz. After adding the filter, the noise spectrum 

is below the standard curve. 

 

Figure 2-67 Noise spectrum with and without DM filter; DO160E standard curve 

2.6 Simplified AGTF30 Model 

The turbofan model used in the STARC-ABL system modeling originates from the AGTF30 

model developed by NASA in Simulink. To simplify the analysis while not losing the accuracy in 

the system modeling, the dynamics response of the AGTF30 model is analyzed and modeled 

mathematically. The following figure shows the simplified AGTF30 model. Itôs composed of five 

parts, the speed controller, the actuator, the engine modeled as a delay, fan load, and one 

representing the relationship between the torque and speed. The speed reference is 6100rpm. The 
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speed controller is tuned to have a similar dynamic to the original AGTF30 model. The parameters 

in the actuator, engine delay, and shaft with fan load part are referred to in the original model.  

 

Figure 2-68 Simplified AGTF30 configuration 

The following two figures show the speed transient response of a load torque step obtained 

from the original AGTF30 model and the simplified version of the model. The first one is with 

100 to 1000 lbs torque step and the second one is with 1000 to 100 lbs torque step. The results 

show that the speed response of load torque in the simplified AGTF30 model is very closed to that 

of the original AGTF30 model. Therefore, the simplified AGTF30 model is used in the system 

analysis in the following chapter. 

 

Figure 2-69 Speed response of 100lbs to 1klbs load torque step for the original AGTF30 model and the simplified 
model 
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Figure 2-70 Speed response of 1klbs to 100lbs load torque step for the original AGTF30 model and the simplified 
model 

2.7 Impedance Shaping 

2.7.1 Source Impedance 

This part mainly analyzes the impedance shaping of the converter-based power source designed 

to regulate the bus voltage. In the STARC-ABL system, either the generator or the battery 

converter can be designed to regulate the dc bus. 

The following figure shows the output impedance of the battery converter. The red curves show 

the case with only the current loop and the blue curve shows the case with the voltage loop. 

If the converter is only designed with a current loop, in the low-frequency range, it appears to 

be a constant power source and the impedance gain is equal to  and the impedance phase is 

equal to 0. In the mid-frequency to high-frequency range, the converter impedance is mainly 

shaped by the input filter. In the mid-frequency, a resonant point can be observed. In the high-

frequency range, the impedance phase is closed to 90ę and the gain is around ‫L because of the 

filter inductor characteristic. 
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If the battery converter is designed to regulate the dc bus voltage, the output impedance can be 

calculated using, 

ὤ
ὤ

ρ Ὕ
 ( 2-74) 

where ὤ  is the converter impedance with only the current loop and Ὕ is the voltage loop open-

loop gain. At low frequency, Ὕ   so the gain of ὤ  is attenuated compared with ὤ , while the 

phase is pushed up to 90ę. This is shown in the blue curve in Fig. 2-71.  

As is shown in Fig. 2-72, with higher voltage loop bandwidth meaning Ὕ has larger gain in low 

frequency, the gain of ὤ  is smaller, which is beneficial to the system stability, because the source 

impedance will be less likely to have an intersection with the load impedance.  

 

Figure 2-71 Battery converter impedance with voltage loop and with only current loop 
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Figure 2-72 Battery converter impedance with a different voltage loop bandwidth 

For the generator-rectifier impedance, the main difference compared with a battery converter 

impedance includes the gain at low frequency because of different power levels and different high-

frequency characteristics because of the different output filter. The first figure below shows the 

case when the generator-rectifier only has a current loop. The gain at low frequency is around 0dB, 

which is much smaller than the 20dB in the battery converter impedance because the generator-

rectifier power is much higher than the battery converter. The impedance gain at high frequency 

has a negative slope and the phase is closed to -90ę. This is because the generator-rectifier does 

not have a DM filter at the output but only a capacitor. After adding the voltage loop, the 

impedance gain at low frequency is attenuated and phase changes from 0ę to 90ę. 
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Figure 2-73 Generator output impedance 

2.7.2 Motor Impedance 

There are mainly two factors that impact the motor impedance, the speed control loop, and the 

output filter. The motor can be modeled as a constant power load. Therefore, the low-frequency 

impedance has a gain of around  and phase around -180ę. The impedance in the high-frequency 

range is mainly shaped by the output filter, as analyzed in the previous section. The control loop 

mainly impacts the impedance in the mid-frequency range.  

Fig. 2-74 show the motor impedance with a different speed control loop. It can be seen that the 

speed loop bandwidth doesnôt have much impact on the impedance gain, but with a smaller speed 

loop bandwidth, the impedance phase is higher, therefore, the phase difference between the load 

impedance and source impedance will be slightly smaller, which is beneficial to the system 

stability. But again, the impact is not significant. 

Fig. 2-75 show the motor impedance with different filter parameters. 
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Figure 2-74 PMSM with motor drive input impedance with a different speed loop bandwidth 

 

Figure 2-75  PMSM with motor drive input impedance with different filter parameters 
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The first figure mainly shows that by increasing the filter inductance while keeping the cutoff 

frequency, the gain of the motor impedance increases in the low-frequency range, so the frequency 

point where the motor impedance may have an intersection with the source impedance will be 

higher, and the phase difference will be smaller, thus increasing the stability margin. The second 

figure shows that by increasing the filter damping ratio, the motor impedance has a larger phase in 

low frequency, therefore, the phase difference between the load impedance and source impedance 

will be slightly smaller, which is beneficial to the system stability. 

In summary, within a proper range, a lower speed loop bandwidth, a higher filter inductor, and 

a higher filter damping ratio are all beneficial to the system stability. 

2.7.3 Housekeeping load impedance 

The housekeeping load is modeled using a conventional dc-dc converter. Its impedance is 

mainly impacted by the filter design, while the control parameter does not have a significant 

impact. The following two figures show the load impedance with different filter designs. With a 

larger inductor, the impedance plot is shifted upwards, and the gain starts to decrease at a larger 

frequency. With a larger damping ratio, the phase changes are smoother at the resonant point, 

which reduces the phase difference between the source and load.  

  

Figure 2-76 Housekeeping load impedance with different filter parameters 
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Chapter 3  

  System Stability Analysis accounting for 

Electromechanical Dynamics 

This chapter aims to provide a thorough analysis of the small-signal stability of the aircraft 

electrical power systems accounting for electromechanical dynamics. There are many different 

techniques for stability analysis, such as eigenvalues analysis based on the system state-space 

model, the loop gain, and the impedance-based method. Using the impedance-based method, the 

system being studied can be treated like a black-box, meaning that itôs not necessary to know the 

system parameters. Equipment like impedance-measurement-unit (IMU) can be used to measure 

the small-signal impedance of the system and Nyquist can be used to assess the system stability. 

3.1 Stability Analysis with Permanent Magnet Synchronous Generator 

 

Figure 3-1 STARC-ABL system configuration understudy 
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The configuration of the STARC-ABL is shown above. In the impedance analysis, the 

generator-rectifier is considered as the source subsystem, and the motor-inverter, housekeeping 

load, and battery converter are grouped as the load subsystem. To study the rotor dynamicsô impact 

on the distribution systemôs stability, it can be done by analyzing the rotor dynamicsô impact on 

the source output impedance for a given load condition since the rotor dynamics couple with the 

electrical system through the generator.  

A general aerospace electro-mechanical system schematic is shown below. The mechanical 

dynamics include the gas turbine and mechanical drivetrain dynamics. However, in this work, the 

mechanical drivetrain dynamics are ignored due to the lack of resource while only the prime mover 

speed controller dynamics is considered. Analysis including the mechanical drivetrain dynamics 

can be done in future work. The prime mover model used in this work is the simplified AGTF30 

model, as derived in 2.6. Both the synchronous generator model and induction generator model 

are analyzed. 

 

Figure 3-2 Aero electro-mechanical system schematic 

The derivation of the source subsystem impedance model is shown in Chapter 2. Here the 

analysis is divided into two parts, one is with the generator in open-loop condition, followed by 

the analysis considering the closed-loop condition. 
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3.1.1 Open-loop condition 

For rectifier open-loop condition, it is assumed that the duty cycle dd and dq are given manually, 

no current loop or voltage loop is added, and the encoder dynamics are neglected. The prime mover 

model remains the same. A transfer function flowchart version of the turbofan-generator-rectifier 

small-signal model is shown below. The power stage transfer functions are shown in orange 

blocks, with the input signals duty cycle Ἤ in d and q axis, stator electrical frequency ‫ , and load 

side perturbed current Ƕ, and state variables, the inductor current Ƕ in d and q axis, DC voltage 

ὺ , and electromagnetic torque . ἑ , ἑ , ἑ , ἑ , ἑ , Ἠ , and ἑ  are the open-loop 

transfer functions. ἑ  is derived from the small-signal model of the turbofan shaft and its control 

in 2.6. From this flowchart, the small signal impedance can be derived. 

 

Figure 3-3 Open-loop small-signal model in transfer function flowchart format  

The output impedance without considering shaft dynamics is simply by forcing , so 

 ( 3-1) 

If considering the shaft dynamics, the impedance can be derived as, 
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 ( 3-2) 

ἑ  and ἑ  can be combined to be a new matrix ἑ . So,   

 ( 3-3) 

 ( 3-4) 

Comparing  and , the difference mainly lies in ἑ , ἑ , ἑ , and ἑ . 

Therefore, it is necessary to investigate detail of these few transfer functions. 

Ὃ  is defined as , which reflects the speed perturbationôs impact on the output voltage. 

There are three poles and one zero in Ὃ . The frequency showed below is based on C=1.5mF. 

 ( 3-5) 

 Ὃ  is shown in the figure below with different output capacitor values. When the rectifier 

output capacitor is 5 mF, the gain below 100Hz is around -30dB, indicating that the speed 

perturbation has a small impact on the DC bus voltage. A larger output capacitor reduces this 

impact. 
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Figure 3-4  Ὃ  bode plot with different rectifier dc side capacitance 

 ἑ is defined as 
Ƕ╛, which reflects the inductor currentôs response to the speed perturbation. 

There are three poles and two zero in Ὃ . The frequency showed below is based on C=1.5mF. 

 

( 3-6) 



69 

 

The gain at low frequency in the DQ frame are -14dB and -10dB, respectively, as shown in the 

figure below. This indicates that the speed perturbation has a small impact on the inductor current.  

 

Figure 3-5 Ὃ  bode plot with different rectifier dc side capacitance 

ἑ  is defined as, as 
Ƕ╛

Ƕ
. ἑ  reflects the output current perturbationôs impact on inductor current. 

There are three poles and two zero in ἑ . The frequency showed below is based on C=1.5mF. 

 
( 3-7) 

The gain at a very low frequency is around 30dB. The zero is located at high frequency. With 

a larger DC capacitor, the gain in all frequency range is reduced. This shows that the inductor 

current has a moderate response to the load current perturbation, but it is attenuated by the DC 

capacitor. 
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Figure 3-6 Ὃ  bode plot with different rectifier dc side capacitance 

ἑ  defined as 
Ƕ╛
 is the multiplication of ἑ  and ἑ . There are three poles and three zero 

in ἑ .  

 

( 3-8) 

It reflects the turbofan shaft dynamics. Since ἑ  is 0 on the d axis, only the component of ἑ  

at q axis Ὃ ͺ matters. At a very low frequency, the gain of Ὃ ͺ is around -37dB. 
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Figure 3-7 Ὃ ͺ bode plot  

With the analysis for the four transfer functions, we can see that because these three transfer 

functions all have small gains, the aggregated effect is very small. The magnitude of this additional 

term is around 0.31. While the original impedance magnitude is around 18, which makes this extra 

term negligible. So the turbine shaft dynamic doesnôt have a countable impact on the source 

impedance in open-loop conditions. 

 

Figure 3-8 Generator-rectifier open-loop output impedance 
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3.1.2 Closed loop condition 

A transfer function flowchart version of the turbofan-generator-rectifier small-signal model 

after adding the current control and voltage control is shown below. Blocks in blue represent the 

converter control, including the voltage controller Ὃ , inner current controller ἑ , decoupling 

terms ἑ  and ἑ , and control delay ἑ  in second-order approximation. 

 

Figure 3-9 Closed-loop small-signal model in transfer function flowchart format 

 

( 3-9) 

The closed-loop output impedance can be solved as,                                                                                                                 
















































































