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Abstract: This paper proposes an electric powertrain architecture for future hybrid electric aircrafts 

which structure is only composed of permanent magnet synchronous machines for both generators 

(PMSG) and motors (PMSM). The direct connection through an AC bus of a PMSG with one or 

several PMSMs involves the suppression of power electronics usually embedded in electric or hy-

brid electric powertrains. The idea is clearly to simplify the architecture and to significantly reduce 

the weight of propulsive device, “weight being the prime enemy in aeronautics”. However, the con-

nection between power generation and propulsion devices through power electronics converters 

offers degrees of freedom allowing to control and stabilize the whole system. Contrarily, the direct 

connection between synchronous machines (PMSG-PMSM) sets a rigid link with non-linear behav-

ior between both devices, causing complex stability issues that are analyzed. For that purpose, after 

having discussed the advantages and drawbacks of this powertrain by comparison with classical 

architectures, including power electronics, a set of models (analytic and simulation) and analysis 

tools (root locus, transient time simulation) is proposed. They are used in a theoretical approach to 

emphasize the stability issue and to assess parameter sensitivity. A reduced power scale test bench 

with a single-motor AC powertrain is presented: together with circuit simulation models, it is used 

to compare and validate the theoretical analysis results. 

Keywords: more electric aircraft; hybrid electric aircraft; permanent magnet synchronous  

machines; AC bus; stability; powertrain 

 

1. Introduction 

In the context of global warming and its increasingly serious and alarming conse-

quences, the need to reduce greenhouse gas (GHG) emissions coming from human activ-

ities is a major global issue. This concerns all sectors of activity, and the transport sector, 

fundamentally linked to fossil fuels, is not spared. The aviation sector in particular, which 

today represents around 3% of total GHG emissions from human activities is regularly 

singled out [1]. To tackle this issue, the aviation world continually seeks to innovate in 

order to offer ever-less-polluting aircraft through various projects such as the European 

Clean Sky project and by setting ambitious targets for decarbonization. These targets were 

announced by the International Air Transport Association (IATA) with the major objec-

tive of reducing GHG emissions by 50% by 2050 compared to 2005 [2]. To achieve this 

objective, a technological revolution must take place in the aviation sector and today this 

revolution is embodied by the more electrical aircraft and especially the electrification of 

aircrafts propulsion [3–5], as electric power chains do not produce GHG emissions during 

their operation. More and more projects [6–8] are related to electric or hybrid electric pro-
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pulsion, emphasizing the main advantages (energy efficiency, distributed propulsion ca-

pabilities, etc.) and key challenges (weight reduction, reliability, etc.). In [9] a review of all 

hybrid electric architectures and the optimization of the most promising ones is proposed. 

In addition, the electrification of the propulsion allows dissociating the generation of 

power from the aircraft thrust, which opens the field of possibilities towards innovative 

configurations for aircraft propulsion: 

- In hybrid-electric aircraft, this power–thrust dissociation enables the optimization of 

the design of the generation of power, in particular if an auxiliary power source hy-

bridizing the main thermal source is used, thus offering precious degrees of freedom 

to optimize the thermal generator; 

- Moreover, distributed propulsion [10,11], made possible through electrification, is 

likely to provide aerodynamic gains as well as useful degrees of freedom in terms of 

operational safety. 

In this context, the number of projects for electrically propelled aircrafts is growing 

significantly with over 200 projects in recent years [1,4,9], including the one considered in 

this paper. 

 Literature Review 

However, the electrification of aircraft propulsion leads to a significant increase in 

the aircraft weight [9]; minimizing weight and optimizing conversion efficiencies is there-

fore an essential concomitant challenge. J. Thauvin [9] has shown that adding 1 ton em-

bedded to the MTOW (Max. Take Off Weight) of a regional (70 pax) aircraft would lead 

to an increase in the fuel consumption by 6% on a flight mission of 400 nautical miles. 

In order to tackle this issue, the electric powertrain architecture considered in this 

paper is composed only of permanent magnet synchronous machines without power elec-

tronics. The use of these machines was greatly democratized during the second half of the 

last century with the development of components for power electronics as well as tools 

for modelling and piloting these machines [12]. Indeed, they have many advantages in-

cluding [12,13]: 

- A high specific power; 

- A good efficiency and an excellent heat dissipation; 

- Low maintenance requirement in the absence of brushes. 

Due to these advantages, its use has been extended to all electrical networks, whether 

on land or on board, particularly in the context of electrification of the various means of 

mobility. However, the use of permanent magnet synchronous machines in every field of 

electrification (land power grid [14,15], automotive industry [12,16], railway industry 

[12,17] naval industry [12,18–20] or aeronautical industry [3]) is usually conditioned by 

the presence of power electronics. Therefore, to contribute to the weight reduction, the 

idea of the architecture studied in this paper is to connect the permanent magnet synchro-

nous machines through an AC bus without using power electronics. Indeed, taking as an 

example the specific power values mentioned in the framework of the European HAS-

TECS project [21,22], on an electric propulsive chain of 500 kW, a decrease in the weight 

of the chain by more than 30 kg for each power electronics can be foreseen by 2025 (with 

specific power of 15 kW/kg) and still 20 kg by 2035 (with specific power of 25 kW/kg). 

Considering the implementation of the single propeller powertrain studied in this paper 

in an aircraft with two power channels (one for each wing), the previous figures have to 

be multiplied by four, decreasing the propulsive system weight by 130 kg by 2025 and still 

by 80 kg by 2035. 

Currently, this subject appears to be quite new in the literature, as numerous patents 

were filed recently by many well-known industrial companies (Rolls-Royce [23–25], Sie-

mens [26], Collins Aerospace [27] and Safran [28]), but these patented solutions only focus 

on architecture propositions without dealing with their operation. In fact, very few studies 

deal with the static and dynamic operation of AC propulsion electrical architectures in 

general and only a study led by NASA [29,30] stands out. This study considers an AC 

electric power chain in a distributed propulsion case where the electrical machines are 



 

doubly fed induction machines with power electronics on a rotor circuit. Consequently, it 

appears that the subject of this paper is rather original, being part of the very broad topic 

of AC propulsive architectures which offers many possibilities but is for now poorly stud-

ied. In this context, in order to provide innovative additions to this literature, this paper 

proposes a study of the static and dynamic behavior with a special attention on stability 

issues of AC bus electric propulsion channels that are composed exclusively of permanent 

magnet synchronous machines and not using any power electronics. 

 Main contribution 

The main idea of this paper is therefore to analyze electromechanical behavior (static 

and dynamic) of this AC electric propulsion architecture composed of permanent magnet 

synchronous machines and in particular the stability of its operation in an aeronautical 

application context. 

To summarize, the main contributions of this paper are: 

- A transient modelling of an AC electric propulsion architecture composed of one sur-

face mounted permanent magnet synchronous generator (PMSG) and one perma-

nent magnet synchronous motor (PMSM). 

- An implementation of an analytical nonlinear then linearized state model in order to 

study the stability of the system based on the linearized model previously estab-

lished. 

- A comparison of this analysis by means of a reduced power scale experimentation, 

in order to compare and validate the theoretical analysis results. 

- A characterization of the stability issues of the AC coupled powertrain and an assess-

ment of the stability’s sensitivity to parametric variations. 

2. Context and Case Study of a “Power Electronic-Less” Powertrain for  

Aircraft Propulsion 

Based on the previous state-of-the-art analysis, it has appeared that most of the pro-

pulsive architectures in more electric (hybrid or full electric) aircrafts are based on power 

electronics with a coupling between power sources and propulsion device through a DC 

bus, as illustrated in Figure 1a. The main idea of this paper is then to suppress this DC bus 

and these power electronics by directly connecting power sources (generators) to propul-

sive devices (motors) through a dedicated AC bus, as illustrated in the Figure 1b (for sin-

gle motor connection) and Figure 1c (for multi-motor connection). All electric machines 

considered in that study are surface mounted PMSMs. 



 

 

Figure 1. Several topologies for the powertrain: (a) with power electronics coupling; (b) single-mo-

tor “power electronic-less” coupling; (c) multi-motor “power electronic-less” coupling. 

It could be said that the interaction between synchronous machines is a subject already 

considered in the context of large terrestrial networks and addressed by reference works as 

proposed by Kundur in [31]. However, some differences appear between this last approach 

and the one proposed in this paper. Indeed, Kundur has focused his work on ground transport 

networks of electricity, where large distances (long cables) are involved, which differs from 

the aeronautical application case which reactances are only composed of electrical machine 

reactances. Moreover, while the reference work [31] focuses only on the electrical dimension 

of the device, we aim here to also couple the mechanical dimension of the system, which is of 

major importance in terms of dynamics (stability). 

In the “power electronic-less” structure of Figure 1b,c, considering the direct connec-

tion of the synchronous generator and the motors, obviously all machines operate at the 

same electrical speed (in a steady-state situation). Only two mechanical controls exist, 

each one on a system side: on the generator side, the mechanical speed, thus the AC link 

frequency, is controlled through the gas turbine, which manages the mechanical operation 

of this system. Oppositely, on the propeller sides, a pitch control of blades would be nec-

essary to manage the aircraft thrust given the rotation speed operation. However, this 

latter issue is not the aim of our contribution. 

This study may be applied to a wide spectrum of aeronautic applications. Two ex-

amples of topologies with six propellers are presented below, depending on whether one 

or more generators are placed on the wings in a series parallel architecture (Figure 2-left) 

or at the aircraft rear in the case of a series architecture (Figure 2-right). 
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Figure 2. Two example of architectures (here with six propellers) with direct AC coupling between 

generators and motors. 

Such electric distributed propulsion may offer aerodynamic advantages as studied 

in [10,11]. 

3. Modelling, Analysis Tools and Experimental Support for Stability Analysis 

This section aims at defining the models and tools dedicated to the stability analysis 

of the powertrain. Three analysis means are successively proposed: 

1. First, a nonlinear state model is built, representing the transient behavior of the sys-

tem. This analytic state model can be simulated in the time domain on Matlab Sim-

ulink and is compared for validation with another time simulation based on the Saber 

circuit solver [32]. 

2. Second, the previous analytic nonlinear state model can be small-signal linearized to 

set the root locus of the powertrain, in order to characterize the stability domain. 

3. Finally, a reduced power scale test bench was developed in order to validate theoret-

ical analysis set from both previous approaches. 

3.1. Nonlinear Analytic State Model 

3.1.1. State Model Derivation 

The analytic derivation for the generator and for the motor(s)is based on a Park’s 

model, which depends on the topology, which may be either single- (Figure 1b) or multi-

motor (Figure 1c). 

Each electric machine (generator or motor) is classically modelled by a Park’s (d,q) 

model that links the q axis with the electromotive force (emf): Ex = Exq as illustrated in 

Figure 3 in which a generator and a motor are respectively represented in the (dg, qg) and 

(dm, qm) rotating reference frames. 
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Figure 3. Park’s reference frames: (a) generator voltage and current vectors in the generator refer-

ence frame (dg,qg); (b) motor voltage and current vectors in the motor reference frame (dm,qm); (c) 

generator and motor voltage and current vectors with phase shift in the generator reference frame 

(dg,qg). 

In the case of a direct AC coupling of both machines (Figure 1b), the emfs can be 

phase shifted by the angle δ. 

Let us note that this derivation may be generalized for a multi-motor topology, in 

which each electric motor (Mx) would have its own reference frame (dmx, qmx) with a δx 

phase shift with the generator. In order to represent the direct coupling between the gen-

erator and the motor(s) and to generalize the model derivation whatever the number of 

motors, it was chosen to represent all machines in the generator reference frame (dg, qg). In 

the rest of the paper, only a single-motor topology will be considered in order to simplify 

the stability analysis which remains complex even with that simplification. However, 

most of the theoretical consideration proposed in the next section remain relevant for 

multi-motor topology. 

The Park’s model of a generator (1) and single-motor (2) association can be derived, 

where bold type is used to highlight vector or matrix variables as opposed to scalar quantities: 

𝑽𝒅𝒒𝟎
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𝛿 = 𝜃𝑔 − 𝜃𝑚; 
𝑑
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𝛿 =

𝑑

𝑑𝑡
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where I3 is the third order identity matrix, 𝑅𝑔, 𝑅𝑚, 𝐿𝑔, 𝐿𝑚, 𝜙𝑎𝑔
 and 𝜙𝑎𝑚

are, respectively, 

the generator and motor resistances, inductances and rotor (magnet) fluxes. 𝜃𝑔 ,  𝜃𝑚 , 

𝜔𝑔 and 𝜔𝑚, respectively, denote the generator and motor electric positions and angular 

speeds, 𝛿 being the electric angle that represents the phase shift between both machine 

frames. 

When both machines are directly connected through an AC bus, the equality of stator 

voltages (𝑽𝒅𝒒𝟎
𝒈

) leads to the final analytic model of the association that can be derived as a 

non-linear state model: 
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where 𝐼𝑑
𝑔, 𝐼𝑞

𝑔 are the stator currents that have become common to both generator and 

motor after the direct AC connexion. The variables in red illustrate the model non linear-

ities inside this state matrix form. 

The torques are also derived for both machines by taking account of the total flux 

derivation for the generator (𝚽𝐠𝒅𝒒𝟎

𝒈 ) and the motor (𝚽𝐦𝒅𝒒𝟎
𝒈 ), respectively described in 

Equations (1) and (2): 
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where 𝑝𝑔 and 𝑝𝑚 are the number of pole pairs, respectively, for the generator and motor. 

In the previous equations and for the rest of the derivation, the currents in the generator 

reference frame are simply denoted as the Park’s currents (𝐼𝑑
𝑔
 =𝐼𝑑 , 𝐼𝑞

𝑔
= 𝐼𝑞 ). 

The mechanical equations at both (generator and motor) sides have to be added to 

complete the state model: 
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where 𝑇𝑇𝐴𝐺  and 𝑇𝑒𝑚𝑔
 are, respectively, the gas turbine and the generator electromag-

netic torques. 𝑇𝑝𝑟𝑜𝑝 and 𝑇𝑒𝑚𝑚
 are, respectively, the propeller (load) and the motor elec-

tromagnetic torques. 𝐽𝑔, 𝐽𝑇𝐴𝐺, 𝐽𝑚, 𝐽𝑝𝑟𝑜𝑝 are, respectively, the generator, gas turbine, motor 

and propeller moment of inertia. The two previous equations also describe the link be-

tween electric angular speeds ωx and rotation mechanical speeds Ωx. 

The complete 5th order analytic state model with gas turbine and propeller torques 

as inputs is then obtained: 
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Actually, the gas turbine is classically controlled to drive its rotation speed. Thus, the 

speed control of the gas turbine—generator association can be added to complete the 

model. In our study, as shown on Figure 4, an integral proportional (IP) controller struc-

ture was retained: 

 

Figure 4. IP speed control of the gas turbine—generator association. 

This control structure sets an additional state equation which links the gas turbine 

torque 𝑇𝑇𝐴𝐺  and the reference generator speed 𝜔𝑔𝑟𝑒𝑓
 which becomes the new system in-

put: 

𝑑𝑇𝑇𝐴𝐺

𝑑𝑡
=

𝑘𝐼𝑃

𝑇𝐼𝑃

∗
𝜔𝑔𝑟𝑒𝑓

𝑝𝑔

−
𝑘𝐼𝑃

𝑇𝐼𝑃

∗
𝜔𝑔

𝑝𝑔

−
𝑘𝐼𝑃

𝑝𝑔

 ∗
𝑑𝜔𝑔

𝑑𝑡
 

= 
𝑘𝐼𝑃

𝑇𝐼𝑃

∗
𝜔𝑔𝑟𝑒𝑓

𝑝𝑔

−
𝑘𝐼𝑃

𝑇𝐼𝑃

∗
𝜔𝑔

𝑝𝑔

−
𝑘𝐼𝑃

𝑝𝑔

 ∗
𝑝𝑔

𝐽𝑒𝑞𝑔

(𝑇𝑇𝐴𝐺 − 𝑇𝑒𝑚𝑔
) +

𝑘𝐼𝑃

𝑝𝑔

∗
𝑓

𝐽𝑒𝑞𝑔

𝜔𝑔 

(10) 

 

where: 𝜔𝑔𝑟𝑒𝑓
=𝑝𝑔 ∗ Ω𝑔𝑟𝑒𝑓

 

Finally, a sixth order analytic state model can be derived, where the generator refer-

ence speed and the propeller load torque become the new inputs: 

Ω𝑔𝑟𝑒𝑓



 

𝑑

𝑑𝑡

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐼𝑑

𝐼𝑞

𝛿

𝜔𝑚

𝜔𝑔

𝑇𝑇𝐴𝐺

)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

=

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 

−
𝑅𝑔 + 𝑅𝑚

𝐿𝑔 + 𝐿𝑚

−𝜔𝑔

0

3𝑝𝑚
2

2𝐽𝑒𝑞𝑚

𝜙𝑎𝑚
sin(𝛿)

0

0

 

𝜔𝑔

−
𝑅𝑔 + 𝑅𝑚

𝐿𝑔 + 𝐿𝑚

0

3𝑝𝑚
2

2𝐽𝑒𝑞𝑚

𝜙𝑎𝑚
cos(𝛿)

−
3𝑝𝑔

2

2𝐽𝑒𝑞𝑔

𝜙𝑎𝑔

𝑘𝐼𝑃

𝑝𝑔
(

3𝑝𝑔
2

2𝐽𝑒𝑞𝑔

𝜙𝑎𝑔
)

 

0

0

0

0

0

0

 

−
𝜙𝑎𝑚

sin(𝛿)

𝐿𝑔 + 𝐿𝑚

−
𝜙𝑎𝑚

cos(𝛿)

𝐿𝑔 + 𝐿𝑚

−1

−𝑓𝑚
𝐽𝑒𝑞𝑚

0

0

 

0

𝜙𝑎𝑔

𝐿𝑔 + 𝐿𝑚

1

0

−𝑓𝑔

𝐽𝑒𝑞𝑔

−
𝑘𝐼𝑃

𝑝𝑔
(

1

𝑇𝐼𝑃
−

𝑓

𝐽𝑒𝑞𝑔

)

 

0

0

0

0

𝑝𝑔

𝐽𝑒𝑞𝑔

−𝑘𝐼𝑃

𝐽𝑒𝑞𝑔
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐼𝑑

𝐼𝑞

𝛿

𝜔𝑚

𝜔𝑔

𝑇𝑇𝐴𝐺

)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

+

(

 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

0

0

0

0

𝑘𝐼𝑃

𝑇𝐼𝑃𝑝𝑔

0

0

0

−
𝑝𝑚

𝐽𝑒𝑞𝑚

0

0
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(
𝜔𝑔𝑟𝑒𝑓

𝑇𝑝𝑟𝑜𝑝𝑚

) 

(11) 

 

In that model, the state matrix involves all nonlinearities of the powertrain (in red) 

with sine and cosine terms and also with bilinearities (products of two state variables). 

Let us note that the same derivation process may be applied for a multi-motor asso-

ciation with n propellers, leading to an order extension of the state model: 

𝑑

𝑑𝑡

(

 
 
 
 
 
 
 
 
 
 

𝐼𝑑1

𝐼𝑞1

𝐼𝑑2

𝐼𝑞2

⋮
𝛿1

𝛿2

⋮
𝜔1

𝜔2

⋮
𝜔𝑔

𝑇𝑇𝐴𝐺)

 
 
 
 
 
 
 
 
 
 

= 𝑨 ∙

(

 
 
 
 
 
 
 
 
 
 

𝐼𝑑1

𝐼𝑞1

𝐼𝑑2

𝐼𝑞2

⋮
𝛿1

𝛿2

⋮
𝜔1

𝜔2

⋮
𝜔𝑔

𝑇𝑇𝐴𝐺)

 
 
 
 
 
 
 
 
 
 

+ 𝑩 ∙

(

  
 

𝜔𝑔𝑟𝑒𝑓

𝑇𝑝𝑟𝑜𝑝1

𝑇𝑝𝑟𝑜𝑝2

⋮
𝑇𝑝𝑟𝑜𝑝𝑛)

  
 

 
(12) 

 

3.1.2. State Model Validation 

In order to validate the previous state model, we have considered a circuit solver 

(Saber) that is seen here as a reference. In that circuit simulation, the synchronous ma-

chines (generator and motor) are modelled from proprietary models from Safran Tech 

including Park’s model. The relevance of such models has been proved in several previous 

studies. We consider here a single-motor association in which the topology is equivalent 

to the state model (11). The Saber circuit solver is then compared with the nonlinear state 

model (11) simulated on Matlab Simulink in the same operating conditions: the generator 



 

speed being controlled at constant speed, the powertrain has to face load torque steps 

successively at 5, 10 and 15 s. Figure 5 emphasizes the quasi-perfect accordance of both 

time simulations. Note that these simulations were obtained with a high bandwidth (3 

Hz) for the gas turbine speed controller in order to ensure the system stability, this latter 

issue being under study in the next section. Note also that in the figure 5, the initial con-

ditions are set differently in Saber and in Matlab, just to satisfy the constraints specific to 

each solver: the initial transients are not to be considered for the analysis. 

 

Figure 5. Comparison of time simulations between the analytic state model simulated on Matlab 

Simulink (red curves) and the circuit simulation on Saber (blue curves). 

The previous simulation also emphasizes the capability of this system to face load 

torque variation on the propeller side. Indeed, in Figure 5, load torque variations are pro-

voked at times 5 s, 10 s and 15 s and their consequences are visible on the displayed electric 

variables (Id,q and δ) which remain stable despite the propeller torque transients. More 

generally, it was verified in our study that the system is capable to face transients on the 

propeller torque while the powertrain is in stable operation. 

3.2. Small-Signal Linearization of the Analytic Model 

Based on the previous (11) nonlinear state model, the aim of this section is to linearize 

the model in order to allow a simple characterization of the stability domain by means of 

the root locus of the powertrain. For that purpose, we have chosen here to derive a small-

signal-state model linearized around steady-state operating points. 

  

Saber𝜔𝑔

𝜔𝑔 Matlab

Matlab𝜔𝑚

𝜔𝑚 Saber

𝜔𝑔𝑟𝑒𝑓

Matlab

Saber𝐼𝑞

𝐼𝑞

Matlab

Saber𝐼𝑑

𝐼𝑑

Matlab

Saber𝛿

𝛿



 

3.2.1. Steady-State Model Derivation 

A preliminary step before linearizing the model is to calculate analytically all state 

variables at steady state for any operating conditions. Then, the small-signal linearization 

should be achieved around these steady-state points. 

At steady state (
𝑑

𝑑𝑡
 = 0), Equations (1) and (2) are: 

−(𝑅𝑔 ∗ 𝑰𝟑) ∙ 𝑰𝒅𝒒𝟎
𝒈

− 𝜔 ∗ (
0 −1 0
1 0 0
0 0 0

) ∙ 𝐿𝑔 ∙ 𝑰𝒅𝒒𝟎
𝒈

+ 𝜔 ∗ 𝜙𝑎𝑔
(
0
1
0
) =

(𝑅𝑚 ∗ 𝑰𝟑) ∙ 𝑰𝒅𝒒𝟎
𝒈

+ 𝜔 ∗ (
0 −1 0
1 0 0
0 0 0

) ∙ 𝐿𝑚 ∙ 𝑰𝒅𝒒𝟎
𝒈

+ 𝜔 ∗ 𝜙𝑎𝑚
(
sin(𝛿)

cos(𝛿)
0

)

 
(13) 

 

Equation (3), under steady-state condition, leads to the equality of angular speeds: 
𝑑

𝑑𝑡
𝛿 = 0 ⇒ 𝜔𝑔 = 𝜔𝑚 =  𝜔 (14) 

 

A simplified expression is given by deriving the electromotive forces of both ma-

chines: 
𝐸𝑚 sin(𝛿) = −(𝑅𝑔 + 𝑅𝑚) ∗ 𝐼𝑑 + (𝐿𝑔 + 𝐿𝑚) ∗ 𝜔 ∗ 𝐼𝑞  

𝐸𝑚 cos(𝛿) = −(𝑅𝑔 + 𝑅𝑚) ∗ 𝐼𝑞 − (𝐿𝑔 + 𝐿𝑚) ∗ 𝜔 ∗ 𝐼𝑑 + 𝐸𝑔 

With 𝐸𝑔 = 𝜔 ∙ 𝜙𝑎𝑔
 et 𝐸𝑚 = 𝜔 ∙ 𝜙𝑎𝑚

 

(15) 

 

Solving analytically this system to calculate the steady-state variables (𝐼𝑑 , 𝐼𝑞 , 𝛿) with 

respect to the inputs (𝜔𝑔𝑟𝑒𝑓
, 𝑇𝑝𝑟𝑜𝑝𝑚

) is quite complicated and only the result is given here. 

The previous system (15) with two equations of two unknown variables (𝐼𝑑 , 𝐼𝑞) is solved 

by deriving a second order polynomial equation: 

((
(𝐿𝑔 + 𝐿𝑚) ∙ 𝜔

2
+

(𝑅𝑔 + 𝑅𝑚)
2

(𝐿𝑔 + 𝐿𝑚)
∙

1

2𝜔
)

2

+ (−
(𝑅𝑔 + 𝑅𝑚)

2
−

(𝐿𝑔 + 𝐿𝑚)
2

(𝑅𝑔 + 𝑅𝑚)
∙
𝜔2

2
)

2

) ∙ 𝐼𝑞
2 +

2

[
 
 
 
 
 (

(𝐿𝑔 + 𝐿𝑚) ∙ 𝜔

2
+

(𝑅𝑔 + 𝑅𝑚)
2

(𝐿𝑔 + 𝐿𝑚)
∙

1

2𝜔
) ∙ 𝑐𝑠𝑡𝑒 ∙ (𝑅𝑔 + 𝑅𝑚) +

(−
(𝑅𝑔 + 𝑅𝑚)

2
−

(𝐿𝑔 + 𝐿𝑚)
2

(𝑅𝑔 + 𝑅𝑚)
∙
𝜔2

2
) ∙ (𝑐𝑠𝑡𝑒(𝐿𝑔 + 𝐿𝑚) ∙ 𝜔 + 𝐸𝑔)

]
 
 
 
 
 

∙ 𝐼𝑞

+((𝑐𝑠𝑡𝑒 ∙ (𝑅𝑔 + 𝑅𝑚))
2

+ (𝑐𝑠𝑡𝑒 ∙ (𝐿𝑔 + 𝐿𝑚) ∙ 𝜔 + 𝐸𝑔)
2
− 𝐸𝑚

2 ) = 0 

 

(16) 

 

 

With 𝑐𝑠𝑡𝑒 = (
(𝐸𝑚

2 −𝐸𝑔
2)

2𝐸𝑔∙(𝐿𝑔+𝐿𝑚)∙𝜔
+

𝑇𝑝𝑟𝑜𝑝𝑚

3𝑝𝑚
∙

(𝐿𝑔+𝐿𝑚)

(𝑅𝑔+𝑅𝑚)
∙

1

𝐸𝑔
∙ (

(𝑅𝑔+𝑅𝑚)
2

(𝐿𝑔+𝐿𝑚)
2 + 𝜔2)) 

𝛿 = asin (
(−(𝑅𝑔 + 𝑅𝑚) ∙ 𝐼𝑑 + (𝐿𝑔 + 𝐿𝑚) ∙ 𝜔 ∙ 𝐼𝑞)

𝐸𝑚

) (17) 

 

ω being replaced by its reference value, the steady-state operation of the powertrain can 

be derived from the inputs (𝜔𝑔𝑟𝑒𝑓
, 𝑇𝑝𝑟𝑜𝑝𝑚

). 

3.2.2. Linearized State Model Derivation 

Each nonlinear variable X is linearized around its steady-state (SS) value: 𝑋 = 𝑋𝑆𝑆 +

Δ𝑋. 

From the nonlinear state model (11) the linearization becomes: 



 

𝑑

𝑑𝑡

(

 
 
 

𝛥𝐼𝑑
𝛥𝐼𝑞
𝛥𝛿

𝛥𝜔𝑚

𝛥𝜔𝑔

𝛥𝑇𝑇𝐴𝐺)

 
 
 

=

(

 
 
 
 
 
 
 
 
 
 
 
 
 −

𝑅𝑔 + 𝑅𝑚

𝐿𝑔 + 𝐿𝑚

−𝜔𝑔𝑆𝑆

0

3𝑝𝑚
2

2𝐽𝑒𝑞𝑚

(𝜙𝑎𝑚
sin(𝛿𝑆𝑆))

0

0

  

𝜔𝑔𝑆𝑆

−
𝑅𝑔 + 𝑅𝑚

𝐿𝑔 + 𝐿𝑚

0

3𝑝𝑚
2

2𝐽𝑒𝑞𝑚

(𝜙𝑎𝑚
cos(𝛿𝑆𝑆))

−3𝑝𝑔
2

2𝐽𝑒𝑞𝑔

𝜙𝑎𝑔

(𝑘𝐼𝑃/𝑝𝑔)3𝑝𝑔
2

2𝐽𝑒𝑞𝑔

𝜙𝑎𝑔

  

−
𝜔𝑚𝑆𝑆

𝛷𝑎𝑚

𝐿𝑔 + 𝐿𝑚
𝑐𝑜𝑠(𝛿𝑆𝑆)

𝜔𝑚𝑆𝑆
𝛷𝑎𝑚

𝐿𝑔 + 𝐿𝑚
𝑠𝑖𝑛(𝛿𝑆𝑆)

0

3𝑝𝑚
2

2𝐽𝑒𝑞𝑚

(𝜙𝑎𝑚
(𝐼𝑑𝑆𝑆

cos(𝛿𝑆𝑆) − 𝐼𝑞𝑆𝑆
sin(𝛿𝑆𝑆)))

0

0

  

−
𝛷𝑎𝑚

𝑠𝑖𝑛(𝛿𝑆𝑆)

𝐿𝑔 + 𝐿𝑚

−
𝛷𝑎𝑚

𝑐𝑜𝑠(𝛿𝑆𝑆)

𝐿𝑔 + 𝐿𝑚

−1

−
𝑓𝑚

𝐽𝑒𝑞𝑚

0

0

  

𝐼𝑞𝑆𝑆

𝛷𝑎𝑔

𝐿𝑔 + 𝐿𝑚
− 𝐼𝑑𝑆𝑆

1

0

−
𝑓𝑔

𝐽𝑒𝑞𝑔

−
𝑘𝐼𝑃

𝑝𝑔
(

1

𝑇𝐼𝑃
−

𝑓𝑔

𝐽𝑒𝑞𝑔

)

  

0

0

0

0
𝑝𝑔

𝐽𝑒𝑞𝑔

−𝑘𝐼𝑃

𝐽𝑒𝑞𝑔
)

 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 

𝛥𝐼𝑑
𝛥𝐼𝑞
𝛥𝛿

𝛥𝜔𝑚

𝛥𝜔𝑔

𝛥𝑇𝑇𝐴𝐺)

 
 
 

+

(

 
 
 
 
 

0
0
0

0
0
0

0

0
𝑘𝐼𝑃/(𝑇𝐼𝑃𝑝𝑔)

−
𝑝𝑚

𝐽𝑒𝑞𝑚

0
0 )

 
 
 
 
 

 (
𝛥𝜔𝑔𝑟𝑒𝑓

𝛥𝑇𝑐ℎ𝑚

) 

(18) 

 

From that system, the determinant of the state matrix can be derived to characterize 

the poles of the powertrain. In the single-motor case, the 6th order state model leads to 

characterizing 6 poles displayed on the stability analysis of Section 4, the sign of real val-

ues of the poles setting the stability level of the system. 

3.3. Reduced Power Scale Experimental Test Bench 

To complete the analysis tools, a reduced power scale test bench was developed in 

the LAPLACE Lab in order to validate the theoretical analysis. This test rig shown on 

Figure 6 includes two electromechanical devices to emulate the gas turbine—generator 

association for the first one and the electric motor—propeller coupling for the second. As 

illustrated in Figure 1b, both devices are directly coupled by an AC bus without any 

power converter. This test bench is able to emulate the actual function of the AC power-

train. 

  



 

  

 

Figure 6. Reduced power scale test bench for AC powertrain functional emulation. 

In the next section, the relevance of the simulation (nonlinear and root locus based 

on the linearized model) and experimental analysis tools is proved by comparing results 

in several operating conditions with a special attention to stability conditions. 

4. Stability Analysis of the Powertrain 

This section focuses on the study of the stability of the AC electric propulsion archi-

tecture. The following results are established thanks to the different means of analysis 

setting the stability domain of the propulsion channel. One first issue is to validate the 

theoretical analytic tools by comparing both nonlinear and small-signal linearized models 

with each other and with the experimental test rig. 

Once this validation is carried out, these theoretical analytic methods will also make 

it possible to study the coupled influence and sensitivity of the system parameters on the 

stability of the powertrain. 

The system parameters corresponding with analysis models and with the experiment 

means are defined in Table 1: 

  

dSpace
supervisor



 

Table 1. Original parameters of the system. 

Parameters Generator Motor 

Cyclic inductance (mH) 6.5 2.7 

Magnetic flux of the magnets (mWb) 286.5 162.1 

Inertia (kg.m2) 0.0097 0.0062 

Inertia of the associated asynchronous machines acting as 

a gas turbine (generator) or propeller (motor) (kg.m2) 
0.0113 0.024 

In the following subsections, several factors which can affect the stability domain are 

analyzed. 

4.1. Stability Analysis with Respect to the Generator Speed 

The first analysis relates to the original parametric configuration of the system in ac-

cordance with the experimental bench. Here the dynamic (bandwidth) of the speed con-

trol for the gas turbine—generator association is set to 1 Hz for the IP controller band-

width with a damping coefficient equal to 1. On the propeller side, a linear torque-speed 
characteristic is applied: 𝑇𝑝𝑟𝑜𝑝𝑚

=k.𝛺; with k=0.1 This choice is made for this preliminary 

study in order to avoid a nonlinearity at the input of the system, which could bring a 

possible additional complexity to the understanding of the instability phenomenon. This 

choice is possible as the evaluated speed range is quite low thus making it possible to 

approximate the propeller load with an equivalent linear load without making too much 

of an error. 

This analysis is set with respect to an evolution of the generator speed. 

Based on the linearized state model, the root locus is analytically derived with operating 

speed which varies step by step (every 10 rpm) between various steady-state points, here be-

tween 200 and 800 rpm for the generator mechanical speed. On that root locus, blue crosses 

denote the generator speed steady states while purple values are related to the system damp-

ing and black values on the right are related to the system angular frequency. Only the domi-

nant poles close to the imaginary axis are represented here. 

On the transient time simulation (Matlab Simulink) and on the experimental test rig, 

the protocol follows a similar approach as the system evolves between different stages of 

generator speed, ranging from 0 to 800 rpm. These stages are spaced 10 rpm apart, and 

are maintained for 5 s. 

The root locus of Figure 7 shows that, inside a speed range between 260 and 620 rpm 

for the generator mechanical speed, the real parts of the poles are positive, indicating the 

unstable domain of the system. 



 

 

Figure 7. Small-signal model-based root locus with respect to the generator speed (blue crosses) 

with a bandwidth of 1 Hz for the generator speed control. Dashed lines illustrate iso-values of sys-

tem damping (linear dashed lines), and iso-values of system angular frequency (horizontal dashed 

lines), the red line indicate the limit between stable and unstable zone: the ordinates axe. 

The time simulation result of Figure 8 also highlights a phenomenon of instability 

similar to the one observed from the root locus analysis. It is indeed possible to find a 

generator speed range during which the AC powertrain becomes oscillating (phase of 

“quasi-instability”), these non-divergent oscillations being maintained in steady state. On 

the contrary, before and after this speed range, the behavior of the system remains per-

fectly stable. Moreover, the speed range of “quasi-instability” is emphasized by the simu-

lation tool between 290 and 580 rpm, which is quite consistent with the unstable range 

obtained with the root locus (between 260 and 620 rpm). 

 

Figure 8. Time simulation with respect to variable stages of the generator speed with a bandwidth 

of 1 Hz for the generator speed control. 
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This last comparison shows the concordance of the root locus analysis based on the 

analytic linearized state model and of the time simulation of the whole system, without 

any linearization. 

The experimental results of the Figure 9 also underline the same phenomenon of 

“quasi-instability”. The experimental test bench has an oscillating speed range between 

300 and 560 rpm, while its behavior is stable outside this interval. This speed range is also 

close to the previous ranges given by the theoretical means of study. It is then possible to 

conclude that the various means of study of the AC electric propulsion architecture match 

by indicating a domain of “quasi-instability”: consequently, this comparative analysis re-

veals a “heavy trend” that sets the system stability on a generator intermediate speed 

range at risk. 

 

Figure 9. Experimental test with respect to variable stages of the generator speed with a bandwidth 

of 1 Hz for the generator speed control. 

4.2. Influence of the Gas Turbine Control Dynamic on the Stability of the Powertrain 

After having considered the stability analysis with respect to the generator, the issue 

is to analyze the influence of the gas turbine speed control dynamic on the system stability. 

The gas turbine speed control dynamic, originally with a bandwidth set to 1 Hz, var-

ies here between the following values (indicated in Hz): {0.9; 1; 1.25; 1.5; 1.75; 2}. 

As in the previous analysis, the following figures show the results of the different 

means of study depending on the generator speed range but for a bandwidth of 0.9 Hz: 

Figure 10 presents the new root locus; time domain simulation is shown on Figure 11 and 

experimental performances on Figure 12. 

For the other control dynamics, the results are summarized in Table 2. In that table, 

the speed range (Δ) with unstable behavior is displayed for the left column (related to the 

root locus analysis). 



 

 

Figure 10. Small-signal model-based root locus with respect to the generator speed (blue crosses) 

with a bandwidth of 0.9 Hz for the gas turbine speed control. 

 

Figure 11. Time simulation with respect to variable stages of the generator speed with a bandwidth 

of 0.9 Hz for the gas turbine speed control. 



 

 

Figure 12. Experimental test with respect to variable stages of the generator speed with a bandwidth 

of 0.9 Hz for the gas turbine speed control. 

Table 2. Results of the different means of study for different gas turbine control dynamics. 

Gas Turbine Dynamic (Hz) 
Unstable Speed Range 

(rpm) from Root Locus 

Unstable Speed Range 

(rpm) from Time Simulation 

Unstable Speed Range 

(rpm) from Experiments 

0.9 260 → 660 (Δ400) 280 → 610  270 → 620 

1 260 → 620 (Δ =360) 290 → 580 300 → 560 

1.25 270 → 540 (Δ =270) 310 → 510 310 → 530 

1.5 280 → 480 (Δ =200) 340 → 440 320 → 520 

1.75 310 → 420 (Δ =110) No oscillation 320 → 380 

2 No oscillation No oscillation No oscillation 

These different results firstly confirm the correct concordance between the different 

means of study of the AC electric propulsion architecture, except for the case of a band-

width equal to 1.75 Hz, for which slight differences appear between the analysis tools. 

Indeed, for such a control dynamic, the system is “quasi stable” with slight oscillations 

appearing in experiments and being also predicted from the root locus. Contrarily these 

oscillations are not visible in the time simulation for this control dynamic. This can be 

explained by the fact that the unstable poles are very close to the ordinate axis, which 

characterizes the limit of stability. 

These results also reveal a huge trend related to the tuning of the gas turbine control 

dynamic: “the higher the speed control dynamic the more stable the powertrain”. 

However, this conclusion should be considered carefully, being only valid for low 

values of the control bandwidth. Indeed, this trend is reversed at high frequency of the 

control bandwidth, as it can be seen in Figure 13. 



 

 

Figure 13. Small-signal model-based root locus with respect to the gas turbine control dynamic (blue 

crosses) with a bandwidth varying between 0.5 and 50 Hz (with a constant speed of 400 rpm). 

For a low gas turbine dynamic value, increasing its value tends to bring the mechan-

ical poles back into the stable domain of the pole location and thus stabilize the system, as 

seen with the previous results. However, this is no longer the case at the highest band-

width value, where an increase in the bandwidth value brings the mechanical poles back 

into the unstable domain of the pole location. Thus, a notion of optimal bandwidth value 

emerges, allowing to consider a setting offering the greatest possible stability to the AC 

electric propulsion architecture. 

4.3. Influence of the Machine Inductances on the Stability of the Powertrain 

The objective is now to consider the stability analysis with respect to certain key sys-

tem parameters starting here with the machine inductances. In that case, the control dy-

namic is kept to a bandwidth of 1 Hz. 

The initial values of the inductances of both machines connected through the AC bus 

are set to 6.5 mH for the generator and to 2.7 mH for the motor making a series inductance 

of 9.2 mH. The issue is here to increase this series inductance with added values between 

1 and 6 mH. 

The results of these parameter variations are summarized in Table 3. 

Table 3. Results of the different means of study for different series inductances values. 

Addition of Inductances 

(mH) 

Unstable Speed Range 

(rpm) from Root Locus 

Unstable Speed Range 

(rpm) from Time Simulation 

Unstable Speed Range 

(rpm) from Experiments 

0 (base setting) 260 → 620 (Δ =360) 290 → 580 300 → 560 

1 240 → 560 (Δ =320) 270 → 530 270 → 530 

2 230 → 520 (Δ =290) 250 → 490 250 → 500 

3 210 → 480 (Δ =270) 240 → 450 270 → 490 

4 200 → 440 (Δ =240) 230 → 420 250 → 470 

5 190 → 420 (Δ =230) 220 → 390 240 → 450 



 

For all values of inductances, the results shown in Table 3 are consistent, although it 

should be noted that the reduction in the unstable speed range is less marked for the ex-

perimental results compared to the other two study methods. This slight difference can 

be explained: on the experiment, the physical addition of inductances may show slight 

unbalance between phases due to the use of single-phase inductances with potential dif-

ferences, that may alter the observed phenomena. Contrarily, the added values of induct-

ances are perfectly accurate for theoretical studies. 

Nevertheless, whatever the means of study, it can be observed that increasing the 

series inductances of the AC bus coupling leads to: 

- Moving the unstable (oscillation) domain towards lower speeds; 

- A decrease in the speed range (Δ) inside which the AC powertrain is unstable or os-

cillates (on the left column, the unstable speed interval (Δ) is reduced by more than 

30%. 

In the same way, the influence of the load torque applied to the propeller on the sys-

tem stability may complete that analysis. The results are not detailed in the paper, but the 

main trend shows that increasing the load level leads to an increase in the stability level 

of the powertrain. 

4.4. Coupled Influence of System Parameters on the Stability of the Powertrain 

The previous results have shown different influencing factors on the stability issue 

which were separately analyzed. This last subsection proposes a sensitivity analysis con-

sisting of the observation of coupled effects due to various parametric variations on: 

- Inductances; 

- Magnetic flux of the magnets; 

- Inertia of the generator set (gas turbine—permanent magnet synchronous generator); 

- Inertia of the motor set (propeller—permanent magnet synchronous motor). 

The original parameters of the system being displayed in Table 1, different parameter 

variations are proposed in Table 4, in which only the unstable speed range based on the 

root locus analysis is displayed: 

Table 4. Multi-parameter variations and associated results on the stability. 

Parameters Modification 
Unstable Speed Range (rpm) from Root 

Locus 

No modification—Base setting 260 → 620 (Δ =360) 

10% increase in the generator and the motor inductances 240 → 570 (Δ =330) 

10% decrease in the generator and the motor inductances 280 → 680 (Δ =400) 

10% increase in the generator and the motor magnetic flux of the magnets 270 → 690 (Δ =420) 

10% decrease in the generator and the motor magnetic flux of the magnets 250 → 540 (Δ =290) 

10% increase in the inertia of the generator set 260 → 620 (Δ =360) 

10% decrease in the inertia of the generator set 260 → 610 (Δ =350)  

10% increase in the inertia of the motor set 260 → 580(Δ =320) 

10% decrease in the inertia of the motor set 260 → 660 (Δ =400) 

These results indicate various trends related to the speed range during which the 

system operation is seen as unstable. The rising, resp. falling, arrows are showing the var-

iation (increasing, resp. decreasing) of the unstable speed range with respect to the per-

formances obtained with the base settings (first row). It is possible to summarize the sizing 

trends which may improve the stability of the AC electric propulsion architecture: 

- Important inductances values; 

- Low electromotive forces (image of the magnetic fluxes); 

- Important inertia of the motor set. 



 

- In order to analyze the coupling effects between parameters and to verify potential 

antagonistic couplings, the following variations are simultaneously applied to the 

system: 

- 10% increase in the generator and the motor inductances; 

- 10% decrease in the generator and the motor magnetic flux of the magnets; 

- 10% decrease in the inertia of the generator set; 

- 10% increase in the inertia of the motor set. 

The theoretical analysis under these coupled modifications is displayed on the Figure 

14 for the root locus and Figure 15 for the time simulation: 

 

Figure 14. Small-signal model-based root locus analysis for coupled parametric modifications with 

a bandwidth of 1 Hz for the generator speed control and with coupled modifications of electric and 

mechanical parameters. 

 

Figure 15. Time simulation analysis for coupled parametric modifications with a bandwidth of 1 Hz for 

the generator speed control and with coupled modifications of electric and mechanical parameters. 

Compared with the results of Figures 7 and 8 related to the base parametric configu-

ration, the stability level is clearly increased with narrow unstable speed range. Indeed, 
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the unstable speed range (seen from the root locus) which was initially between 260 and 

620 rpm (Δ =360 rpm) for the base parametric configuration is now between 240 and 450 

rpm (Δ =210 rpm), showing a great improvement of the stability level of the powertrain. 

It is even possible to find parametric configurations allowing a “full stable operation” 

of the AC electric propulsion architecture by imposing higher modifications following the 

same trends as above. For example, the following parametric configuration can be consid-

ered: 

- 100% increase in the generator and the motor inductances; 

- 25% decrease in the generator and the motor magnetic flux; 

- 50% decrease in the inertia of the generator set; 

- 25% increase in the inertia of the motor set. 

The results of the theoretical means of study under the previous coupled modifica-

tions are displayed on the Figures 16 and 17: 

 

Figure 16. Small-signal model-based root locus analysis for the previous coupled parametric modi-

fications with a bandwidth of 1 Hz for the generator speed control and with coupled modifications 

of electric and mechanical parameters. 



 

  

Figure 17. Time simulation result of the stability analysis for the previous coupled parametric mod-

ification with a bandwidth of 1 Hz for the generator speed control and with coupled modifications 

of electric and mechanical parameters. 

It is thus possible to conclude that following the identified design trends would make 

it possible to obtain an AC electric propulsion architecture with a full stable operation. 

5. Conclusions 

This paper relates to a typical electric powertrain for aircraft propulsion which is 

composed exclusively of permanent magnet synchronous machines (PMSM) without any 

power electronics. In particular, each PM synchronous generator is directly connected 

through an AC bus with a single or multi PM synchronous motor distribution set that 

drives the propelling system. Suppressing power electronics offers substantial gains in 

terms of embedded weight: some figures are proposed as example of weight reduction in 

the introductive section. However, suppressing power electronics and considering a di-

rect (“rigid”) AC coupling of two or several PMSMs involves stability issues that are the 

main focus of the paper. 

Before analyzing the system stability, several models and tools are built: a nonlinear 

transient state model of the AC electric propulsion architecture is firstly developed. In the 

framework of a time simulation, this model is compared with a circuit time simulation on 

the Saber solver showing the accordance between both tools. 

Based on that nonlinear state model, a small-signal linearization is analytically de-

rived, leading to the root locus definition of the AC powertrain that characterizes stable 

and unstable domains. This analytical approach allows achieving a sensitivity analysis 

linking system parameters with stability conditions. 

This set of linear and nonlinear analysis tools is compared with a reduced power 

scale experimentation emulating the power architecture. Regarding the dynamic behavior 

and the system stability, all analysis means of study are quite in accordance, emphasizing 

the existence of unstable subdomains which depend on the physical and control parame-

ters of the powertrain. 

The sensitivity analysis shows that full stable operation may be obtained with specific 

system sizing and control tuning. 

Let us note that the PMSMs studied in this paper correspond to small power ma-

chines for industry applications: these machines were the ones installed in the experi-

mental reduced power scale test bench which has allowed us to validate the state models 

for stability analysis. It is clear that such machines differ from “specific machines” for 

aircraft propulsion. In our current studies, we are analyzing “scale one” electric machines 



 

more representative of the aircraft application. Preliminary results not presented in the paper 

show that major trends in terms of stability are mainly reproduced with these machines. 

Furthermore, the trends shown are not necessarily compatible with a design that can 

be integrated into an aircraft that must ensure a robust and full stable system operation. 

On the other hand, the tools developed in this paper allow us to consider corrective solu-

tions to the instability problem which constitutes the main prospect of this study. 
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