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Abstract— This paper presents a model that enables analysis 

and design validation of an aircraft on-board electric taxiing 

system. A detailed model, which includes power electronics, 

electrical machine and mechanical drivetrain, is first developed 

and discussed. The model is then employed for simulating two 

characteristic taxiing mission profiles with a Boeing 737-400 as 

a selected benchmark aircraft. From the simulation findings, 

acceleration performance, power and energy load profiles, as 

well as the energy harvesting stages are studied. These outcomes 

allow to evaluate the appropriate energy storage technology to 

be selected, enabling complete emission free aircraft taxiing. 
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I. INTRODUCTION  

In light of the general push towards the electrification of 

aircraft [1], several electrically-assisted taxiing concepts have 

been recently proposed and developed. Namely, taxiing is the 

phase of flight in which the movement of an aircraft under its 

own power occurs on the surface of an aerodrome, excluding 

take-off and landing [2]. Thus, nowadays taxiing is 

performed by the means of main engines, during which they 

are set to idle thrust of 7%. Considering their inefficiency in 

that thrust range, along with the long taxiing time due to the 

ever-increasing congestion of the airports, a significant 

amount of fuel is burned during taxiing phase raising both 

economic and environmental concerns. For instance, every 

year 17 million of tones of CO2 is emitted during taxiing 

phase. Moreover, pushback of an aircraft is currently 

performed by assisted tug vehicles, which decreases its 

autonomy and increases overall taxiing time [3].   

Thus, it is not surprising that taxiing phase has been 

targeted for the major improvements in order to comply with 

the future regulations, such as FlightPath 2050 [4]. Among 

the many proposed operational and technological solutions to 

mitigate the aforementioned issues [5], the most interesting 

ones are based on electrically-assisted taxiing concept, also 

called electric taxiing (ET) systems. In particular, the on-

board ET solutions, in which electric traction motors (TMs) 

are embedded in the wheels of either main landing gear 

(MLG) or nose landing gear (NLG), recently have acquired 

high interest due to their advantages over conventional 

taxiing. 

Since during ET main engines are turned off, it is 

expected that ET system implementation will lead to better 

fuel utilization. Indeed, studies showed that the 

implementation of on-board ET systems can cut the total fuel 

consumption by 4% and simultaneously reduce emissions on 

average by 40% compared to the conventional taxiing [6][7]. 

This concept not only enhances the fuel savings, but also 

provides the opportunity of installing a local energy storage 

device (LESD) that can be used for recovering braking 

energy during the taxiing operation. In addition, it has also 

been acknowledged that employing LESD, such as batteries 

and fuel cells, can enable the complete emission free taxiing 

[8]. 

In this paper, an on-board ET system is modelled and 

investigated in detail. The model developed in PLECS® 

environment is adopted for assessing the ET system behavior 

under several taxiing mission profiles. Hence, regeneration 

capabilities and acceleration performance are investigated as 

well as the required power and energy levels.  

II. DESCRIPTION OF THE ET SYSTEM 

The ET system investigated in this paper is integrated into 

two MLGs of a mid-size commercial aircraft, such as Boeing 

B737 and Airbus A320. Since each MLG features two 

wheels, a maximum of four motors can be installed in this 

configuration type. However, only one TM is mounted per 

MLG, giving in total nm=2 mounted TMs. Furthermore, a 

direct-drive configuration is addressed [9], where the TMs are 

connected directly to the wheel, without any gearboxes and 

clutch mechanisms. This architecture reveals advantages as 

higher mechanical reliability and lower maintenance cost 

[10][11]. On the other hand, the design of the TM is more 

challenging, since the motor should be able to deliver high 

traction torque to the wheel, without the gearbox aid and 

within limited space. Design process and constraints of the 

chosen motor are presented in [10], [12]. The developed TM 

is a 36 slot/42 pole, 2x3-phase synchronous permanent 

magnet (PMSM) machine, fed by two 3-phase voltage source 

inverters (VSI) connected to the same DC link of 540V, as 

shown in Fig. 1.  

In order to enhance the TM power density, the following 

features have been applied: 1.) outer rotor configuration, 2.) 5 

stage Halbach array configuration 3.) Double layer fractional 

slot concentrated windings (FSCW). The 2D finite element 

(FE) model of the machine was developed in order to assess 

its performance and calculate its parameters. The cross 

section of one part of the FE model is reported in Fig. 2.  

 Machine’s behavior (no-load and load operation) and its 

parameters such as stator winding inductance and resistance 

matrices were obtained through the set of transient with 
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Fig. 1. ET drive unit of one MLG. 

 



motion and static FE simulations. For instance, in Fig. 3 

no-load flux linkages are shown at 120 rpm, and the PM flux 

is equal to Ψpm=0.654Wb  (peak value). Also torque 

production was investigated. At full load condition, i.e. both 

stars fed with 223A along the q-axis, the maximum produced 

torque corresponds to 7kNm. 

The stator resistance matrix R is a diagonal matrix, 

diag(Rs)6x6
, with Rs=0.154Ω, while the inductance matrix is 

defined as in (1), where the mutual coupling terms between 

the two winding stars are highlighted.  

  L= [
Ls1,abc Ms1,s2

Ms2,s1 Ls2,xyz
]

6x6

 (1) 

In particular, Ls1,abc and  Ls2,xyz represent magnetic coupling 

between phases belonging to the same star and they are given 

by (2) and (3) respectively, whilst Ms1,s2 and Ms2,s1 account 

for the coupling between phases of different stars and their 

expression in provided in (4) and (5) respectively. 

  Labc,s1= [

Laa Lab Lac

Lba Lbb Lbc

Lca Lcb Lcc

]=[𝐿𝑖𝑗] 𝑖, 𝑗 ∈ 𝑆1 = {𝑎, 𝑏, 𝑐}(2) 

  Lxyz,s2 = [𝐿𝑖𝑗] 𝑖, 𝑗 ∈ 𝑆2 = {𝑥, 𝑦, 𝑧} (3) 

  Ms1,s2 = [𝑀𝑖𝑗] 𝑖 ∈ 𝑆1, 𝑗 ∈ 𝑆2 (4) 

  Ms2,s1 = [𝑀𝑖𝑗] 𝑖 ∈ 𝑆2, 𝑗 ∈ 𝑆1 (5) 

 Each element of the above-mentioned matrices was 

evaluated and calculated separately. Simulations showed that 

L matrices are diagonal (6), while M matrices feature the 

topology in (7), where Ls=3.95 mH and Ms=1.031 mH. 

  Labc,s1=Lxyz,s2= [

Ls 0 0

0 Ls 0

0 0 Ls

] (6) 

  Ms1,s2=Ms2,s1
T = [

Ms 0 -Ms

-Ms Ms 0

0 -Ms Ms

] (7) 

 The former matrix structure (i.e. L) indicates that there is 

no coupling between phases of the same star, which is 

expected since windings are double layer FSCW. 

Furthermore, the mutual coupling between stars is also 

reduced, since only phases placed in neighbouring slots 

reveals appreciable magnetic coupling. 

 In the abc(xyz) domain, the TM can mathematically be 

described using (8) and (9) 

 v=Ri+
dψ

dt
 (8) 

 ψ=Li+ψ
pm

 (9) 

where v, i, ψ and ψ
pm

 are vectors of form [fabc fxyz]
T
= [fa 

fb fc fx fy fz]
T
. However, as in any electric drive application, 

conventional abc frame models are not practical, so the TM is 
modelled in the dq rotating reference frame. In the following 
section, models of the machine, inverters and aircraft 
dynamics are presented. 

III. MODELLING OF THE ET SYSTEM 

Two main modelling approaches that are applied for 
modelling of electric drives used in traction applications are: 
1.) backward and 2.) forward-facing methods, depending on 
the desired direction of the calculation [13]. Input to the model 
in both approaches is the same, i.e. the reference speed of the 
mission profile. However, using the backward-facing method, 
power required at the wheels is first calculated using vehicle 
model and accordingly the power from the source is 
determined ‘’going backwards’’ through each model 
component [14]. Contrary to the backward-facing method, in 
the forward-facing models it is not assumed that vehicle’s 
speed is equal to the drive cycle’s speed at every time instant. 
As a matter of fact, a speed drive cycle is fed to the driver 
block that outputs correct torque demand necessary for the 
vehicle to meet that speed. According to that torque demand, 
controller outputs a reference modulation signals that are 
applied to the inverter that supplies TM, in order to generate 
desired torque as shown in Fig. 4. Forward facing-methods 
naturally represent dynamic models with correct causality, 
whereas backward-facing methods represent quasi-static 
models [14].  

Another important modelling aspect is the level of 
complexity of each model component. The more complex the 
model, the more details and phenomena can be observed. On 
the other hand, very detailed models, such as switching 
models of power converters, are difficult to simulate over long 
duty cycles, due to the computational burden. If the model has 
to be simulated over long period, averaged models can 
represent accurately large signal transients without high 
frequency computational load [15]. 

Thus, ET system of Fig. 1 is modelled using forward-
facing method that implements dynamic averaged models of 
the TM, VSI and aircraft dynamics. This approach allows to 
evaluate energy and power requirements of the ET system, 
and more importantly it allows, in later stage, to easily connect 
dynamic models of various LESDs to the already developed 
ET system model and analyse their impact on it.  

 
Fig. 2.Part of the cross section of 2D FE element model of TM. 

 

 
Fig. 3. No-load flux linkages with rotor speed of 120 rpm. 



A. dq Model of 6-phase PMSM 

Numerous 6-phase machine modelling methods exist, but 
the two most prevalent ones are vector space decomposition 
(VSD) and two-individual three-phase method [16]. The latter 
one assumes modelling in dq frame and it is more favourable 
if the machine is powered from two separate inverters [17], 
thus this modelling approach has been selected in this paper. 
The modelling process slightly differs from the standard 
procedure as for conventional 3-phase machines, due to the 
additional phase coupling induced by the second set of 
3-phase winding. Nonetheless, all rotating vectors are 
projected to the unique dq reference frame with d-axis aligned 
with the vector of PM flux linkage, where angle θ is measured 
from the a magnetic axis to the q axis as in [18] (Fig. 5). 
Matrix K(θ), which transforms abc to dq variables, is defined 
in (10), whereas the transformation matrix associated to the 
variables of winding xyz is K(θ+30). Transformation 

equations are presented in (11) and (12), where fqd0=[fq fd f0]
T
 

represents either current, voltage or flux linkage values in 
rotating reference frame and the subscripts s1 and s2 stand for 
the winding sets abc and xyz respectively.  

 K(θ)=
2

3

[
 
 
 
 cos (θ) cos (θ-

2π

3
) cos (θ+

2π

3
)

sin (θ) sin (θ-
2π

3
) sin (θ+

2π

3
)

1

2

1

2

1

2 ]
 
 
 
 

 (10) 

 fqd0,s1=K(θ)fabc, fabc=K
-1(θ)fqd0,s1 (11) 

 fqd0,s2=K(θ+30)fxyz, fxyz=K-1(θ+30)fqd0,s2 (12) 

Transformation equations (11) and (12) can be written as in 

(13) and (14) respectively. 

 [
fqd0,s1

fqd0,s2
] = [

K(θ) O3x3

O3x3 K(θ+30)
] [
fabc

fxyz
] = 𝐊 [

fabc

fxyz
] (13) 

 [
fabc

fxyz
]= [

K-1(θ) O3x3

O3x3 K-1(θ+30)
] [
fqd0,s1

fqd0,s2
]=K-1 [

fqd0,s1

fqd0,s2
] (14) 

By applying transformations 𝐊  and K-1  to the voltage 

equation (8), the 3-phase voltages of both winding sets are 

referred in the dq frame as 

 vqd0,s1=Rqd0,s1iqd0,s1+
dψqd0,s1 

dt
+ω [

ψ
d,s1

-ψ
q,s1

0

]  (15) 

 vqd0,s2=Rqd0,s2iqd0,s2+
dψqd0,s2 

dt
+ω [

ψ
d,s2

-ψ
q,s2

0

] (16) 

where ω is the machine’s electrical speed. As a last step, also 

the flux equation (9) is expressed in the dq frame. Applying 

transformations 𝐊 and K-1 to (9) yields (17) 

 [
ψ

qd0,s1 

ψ
qd0,s2 

] = [
Lqd,s1 Mqd,12

Mqd,21 Lqd,s2
] [
iqd0,s1

iqd0,s2
]+ [

ψ
pm,qd0,s1

ψ
pm,qd0,s2

](17) 

in which 

 ψ
pm,qd0,s1

= ψ
pm,qd0,s2

= [
0

Ψpm

0

] (18) 

 [
Lqd,s1 Mqd,12
Mqd,21 Lqd,s2

]=𝐊 [
Labc,s1 Ms1,s2
Ms2,s1 Lxyz,s2

] 𝐊−𝟏 (19) 

By expanding previous equation, L and M matrices in dq 

frame are obtained as  

 Lqd,s1=K(θ)Labc,s1K
-1(θ)= [

Lq 0 0

0 Ld 0

0 0 L0

] =Lqd,s2 (20) 

 Mqd,12= K(θ)Ms1,s2K
-1(θ+30)= [

Mq 0 0

0 Md 0

0 0 M0

] (21) 

where Lq=Ld=L=3.95mH and Mq=Md=M=1.7857mH . 

Thus, the electrical model of the machine is represented in 

Fig. 6 and 7 in the form of electric circuits. 

In order to complete the TM model, mechanical equation 

should be included, i.e. electromagnetic torque should be 

calculated. The TM overall torque can be seen as the sum of 

the two torques, each developed by every winding set. 

 Tem=Tem,s1+Tem,s2 (22) 

 Tem=
3

2
p(ψ

d,s1
iq,s1-ψq,s1

id,s1+ψ
d,s2

iq,s2-ψq,s2
id,s2) (23) 

Since machine is non-salient and Mq=Md , torque is only 

dependent on iq currents.  

 Tem =
3

2
pΨpm(iq,s1+iq,s2) (24) 

 
Fig. 4. Forward-facing modelling approach. 

 
Fig. 5. dq reference frame definition. 

 

Fig. 6. d equivalent circuits of 2x3-phase PMSM. 



B. Averaged dq Model of VSIs 

Typical configuration of a conventional 3-phase 2-level 

VSI is depicted in Fig. 8. Switching model of the inverter can 

be represented as in (25) 

 [

VAO

VBO

VCO

]= [

SA 0 0

0 SB 0

0 0 SC

] [

VDC

VDC

VDC

] (25) 

where Si is switching function defined as 

Si= {
1, upper switch of leg i is closed

0, bottom switch of leg i is closed
, i∈{A,B, C}  

Phase voltages, ViN , are defined as difference between leg 

midpoint and neutral point potentials 

 [

VAN

VBN

VCN

]= [

VAO-VNO

VBO-VNO

VCO-VNO

] , VNO=
VAO+VBO+VCO

3
 (26) 

Alternatively, they can be written as 

  

{
 
 

 
 VAN=

2SA-SB-SC

3
VDC

VBN=
-SA+2SB-SC

3
VDC

VCN=
-SA-SB+2SC

3
VDC

 (27) 

As already mentioned, in order to have lower 

computational burden, inverters’ equations will first be 

averaged over one switching period Tsw using operator (28). 

More details about the procedure can be found in [19]. 

 x(t)̅̅ ̅̅̅=
1

Tsw
∫ x(τ)

t+Tsw

t
dτ (28) 

It can be shown that averaged switch functions in sine PWM 

modulation are  

 Si̅=
1

2
(1+mi

*) (29) 

where mi
*  is the modulating signal of the ith phase. Thus, 

applying averaging operator to (27) gives averaged VSI 

equations ViN=di̅VDC, i∈{A,B, C}, in which 

 

{
 
 

 
  dA
̅̅ ̅ =

2SA
̅̅ ̅̅ -SB

̅̅ ̅̅ -SC
̅̅ ̅̅

3

 dB
̅̅ ̅ =

-SA
̅̅ ̅̅ +2SB

̅̅ ̅̅ -SC
̅̅ ̅̅

3

 dC
̅̅ ̅ =

-SA
̅̅ ̅̅ -SB

̅̅ ̅̅ +2SC
̅̅ ̅̅

3

 (30) 

In order to connect VSI model to the already developed 

dq model of the machine, (30) is also transferred to dq 

reference frame using  𝐊  yielding (31). The process of 

obtaining dq duty cycles is shown in Fig. 9 (a). 

 

[
 
 
 
Vq,s1

Vd,s1

Vq,s2

Vd,s2]
 
 
 

=

[
 
 
 
 
dq,s1

dd,s1

dq,s2

dd,s2]
 
 
 
 

VDC (31) 

To accomplish the VSI model, DC link current should also be 

modelled. It can be found by balancing power extracted from 

the DC link and power absorbed by the inverter as in (32). 

Averaged dq models of the VSIs are shown in Fig. 9 (b).  

 iDCVDc=
3

2
(Vd,s1id,s1+Vq,s1iq,s1+Vd,s2id,s2+Vq,s2i𝑞,s2) (32) 

 iDC =
3

2
(dd,s1id,s1+dq,s1iq,s1+dd,s2id,s2+dd,s2i𝑞,s2)  (33) 

C. Aircraft Dynamics 

In order to complete the modelling process of the ET 
system and to properly assess its performance, an aircraft and 
its ground dynamics model has to be accounted. This allows 
to evaluate the energy and power requirements of ET for 
various speed duty cycles for any airport conditions. A simple 
longitudinal dynamics model can be used to accurately 
describe ground movement of the aircraft by balancing forces 
acting in the direction of the motion, which are namely 
traction force (Ftraction) and total load force (Fload) (34). The 
ET drive units should be able to provide enough traction force 
to the wheels in order to overcome total load force (35) that is 
comprised of 

 The road force (Froad) that opposes the movement 

of the aircraft 

 Inertial force (Fin) that opposes the movement only 

during acceleration of the aircraft  

 
Fig. 7. q equivalent circuits of 2x3-phase PMSM. 

 
(a) 

 
(b) 

Fig. 9. (a) dq duty cycles calculation process (b) Averaged model of the 
two VSI inverters in dq frame 

 
Fig. 8. Layout of 3-phase 2-level VSI. 



Froad is the sum of the rolling resistance (Frr), grade of 

the taxiway resistance (Fgrade ), aerodynamic drag (Faero ), 

which are all depicted in Fig. 10. 

 Ftraction=Fload (34) 

 Fload= crrmg cos α⏟      
Frr

+ mg sin α⏟    
Fgrade

+
1

2
ρcvAv2
⏟    

Faero⏟                    
Froad

+ m
dv

dt⏟
Fin

 (35) 

In (34), crr  is the rolling resistance coefficient, m is the 

mass of the aircraft, g is the gravitational constant (9.81m/s2), 

α  is the angle of the taxiway slope, ρ  is the air density 

(1.1225kg/m3), cv  is the drag polar coefficient, A  is the 

equivalent wing area and v is the aircraft’s speed. 

Mechanical dynamic equation of one TM is  

 Jm

dωm

dt
=Tem-

1

nm
rFload (36) 

where Jm is the inertia of the motor and wheel, r is the radius 

of the MLG tyre, Tem is developed electromagnetic torque, 

ωm is the motor’s mechanical angular speed and 𝑛𝑚 number 

of total installed traction motor. Considering that losses in 

mechanical drivetrain are negligible, i.e Tem=Ttraction, and that 

aircraft’s linear speed is v=ωmr, by substituting (35) in (36), 

aircraft dynamic equation as seen from the motor’s referential 

i.e. motor’s shaft is 

 Jt

dωm

dt
=Ttraction-

1

nm
rFroad (37) 

 Jt=Jm+
1

nm
mr2 (38) 

where 
1

nm
mr2 represents reflected aircraft body inertia seen 

from one motor’s shaft. The block diagram of the aircraft 

dynamics model is shown in Fig. 11. 

D. Control 

Block diagram of the whole ET system is presented in Fig. 
12. It can be noticed that decoupling block is used as well as 
3rd harmonic injection. It is worth mentioning that control is 
achieved assuming both stars equally contributing to the 
torque and power production. In other words, the required 
torque is evenly shared between the two winding sets of the 
TM (i.e. active-active mode) [20]. Thus, considering that 

iq,s1 = iq,s2 , a classical MTPA strategy of PMSM is used. 

Finally, the TM is subject to limits and through control method 
maximum power and torque are limited to 50kW and 7 Nm 
respectively.    

IV. CASE STUDY 

In this section, an actual taxiing mission profile is analysed 
having as benchmark the B737-400 aircraft. Its parameters are 
listed in Table I. The taxiing mission is divided into taxi-out 
part, which happens prior to the take-off, and taxi-in which 
occurs after the landing. The reference speed profiles of these 
two driving cycles are reported in Fig. 13 and 14. It can be 
noticed that the actual speed is not the same as reference speed 
since forward-facing method is used. Additionally, it provides 
insight into the vehicle model drivability, and it captures the 
limits of the physical system [14]. Indeed, due to the imposed 
limitations on power and torque, the aircraft achieves a limited 
acceleration and deceleration. For instance, it takes 60s to 
reach 20knots from standstill, and this is well below the 90s 
maximum acceleration time specified in [6]. Similar 
conclusions can be derived for braking events. For this reason, 
the aircraft cannot develop the required braking force only by 
using electric braking. As the braking process has significantly 
more importance for the aircraft safety, mechanical carbon 
disk brakes should be used in conjunction with regenerative 
braking.  

 
Fig. 10. Road forces acting on the aircraft.  

 
Fig. 11. Block diagram of aircraft dynamics. 

 
Fig. 13. Taxi-out of B737-400. 

 
Fig. 12. Block diagram of the complete ET system. 



TABLE I.  SIMULATED AIRCRAFT MODEL PARAMETERS 

Parameter Value 

m [t] 69 [21] 

𝑐𝑟𝑟 0.09 [22] 

𝐴 [m2] 105.4 [21] 

𝑐𝑣 0.023 [23] 

r [m] 0.535 [21] 

Fig. 13 and 14 show also total electric power as seen in the 
DC link of the converters. From the power profiles, the 
electric energy requirements can be obtained. During the 
1800sec of taxi-out, one ET drive unit consumed 11.34kWh 
of energy, while it is estimated that 1.5 kWh can potentially 
be regenerated (13.2%). On the other hand, during the 500s of 
taxi-in, 2.1kWh is consumed with the potential of recovering 
0.35kWh (17%). Additional information that is important for 
the LESD design is also found, such as the maximum power 
during regeneration (51.2kW), and the duration of the longest 
braking event (approx. 30s) which may be used in the design 
of the energy storage subsystem.  

V. CONCLUSIONS 

This paper presented a detailed model for on-board ET 

system aiming at investigating its performance such as 

acceleration and regeneration capability, power and energy 

levels required. The modelled ET system consists of two 

drive units, one installed in each MLG employing a 6-phase 

PMSM that is powered from two separate 3-phase inverters. 

Due to the considered simulation period, i.e. up to 30 min for 

a typical taxiing cycle, the ET model was made as simple as 

possible, in order to achieve fast computational times. Hence, 

machine and inverters were built in dq reference frame. The 

ET system versatility was achieved by modeling the aircraft 

dynamics, which allows to simulate different airport 

scenarios and aircraft models. Finally, the effectiveness of the 

developed model was proven through a case study including 

two taxiing mission profiles (i.e. taxi-out and taxi-in). The 

developed model will be employed in further studies, in order 

to propose a holistic method to the selection of LESD for 

traction applications working on highly irregular duty cycles. 
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