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Abstract   This work studies the use of an e-axle based on a six-phase IPMSM. In 

addition, it has a dc bus with a cascade configuration. Moreover, a dc/dc converter 

is incorporated between the battery module and the six-phase inverter to provide the 

vehicle with fast charging capabilities, while avoiding the use of power semicon-

ductors with high nominal voltages. In this scenario, the control algorithm must 

cope with the non-linearities of the machine by providing an accurate setpoint com-

mand for the entire torque and speed range of the inverter. Therefore, cross-coupling 

effects between the windings must be considered, and the voltage of the cascade 

link capacitors must be actively controlled and balanced. Given this, the authors 

propose a novel control approach that provides all these functionalities. The pro-

posal has been experimentally validated on a full-scale prototype 70 kW electric 

drive, tested in a laboratory and an electric vehicle under real driving conditions. 

Introduction 

The transition to a circular economy and the profound decarbonization of our econ-

omies and lifestyles has never been more urgent. In December 2019, the EU author-

ized the European Green Deal Action Plan in response to these challenges. This 

plan aims to transform the Union into a modern, resource-efficient, competitive, 

and inclusive economy by 2050, decoupling economic growth from resource con-

sumption and attaining carbon neutrality across all economic sectors. In this con-

text, the decarbonization of transportation is crucial. To achieve carbon neutrality 

by 2050, this sector, which accounts for roughly one-fourth of the Union's green-

house gas emissions, must undergo a tremendous transition to electrification. 

In this scenario, The EU-funded FITGEN project aimed to develop a functionally 

integrated e-axle (motor-inverter-transmission) ready for implementation in third-

generation electric vehicles. The FITGEN e-axle is delivered at TRL-7 by the end 
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of the project, and it is demonstrated on the FIAT 500e electric vehicle platform. 

The FITGEN e-axle aimed to increase the power density of the e-motor by 40 % 

and the power density of the inverter by 50 % compared to the best-in-class market-

available technology at the project start. The daily electric driving range of the de-

monstrator is required to go from 740 to 1,050 km with three battery recharges, by 

using the e-axle in-built super-fast charging capability. 

To meet the FITGEN project's goals, the e-axle depicted in Fig. 1 was designed and 

developed. This e-axle is equipped with a high-speed symmetrical six-phase 

IPMSM. The machine development takes advantage of a patented design with three 

layers of permanent magnets and flux barriers [1] and state-of-the-art patented 

Formed Litz wire winding technology [2]. Thanks to this, the machine prototype 

achieved a gravimetric power density of 5.3 kW/kg, stand-alone efficiency of 

97.4%, low torque ripple, low back electro-motive force voltage, and a high reluc-

tance torque. The electrical machine is driven by a six-phase inverter, with a switch-

ing frequency of up to 24 kHz. This inverter was designed using wide bandgap SiC 

power metal-oxide-semiconductor field-effect transistors. Thanks to the SiC tech-

nology's higher efficiency, smaller size and better thermal performance, the inverter 

prototype exhibits a volumetric power density of 35 kW/l. 

Fig. 1 General diagram of the FITGEN e-axle including a dc/dc converter, a six-phase SiC-

based inverter with a cascaded dc-link capacitor, and a dual three-phase IPMSM. 

In addition, a bidirectional dc/dc converter is affixed between the battery pack and 

power inverter on the e-axle. This converter increases the dc-link voltage to the 800 

V range, enabling ultra-fast charging compatibility. Furthermore, the 800V dc-link 

allows high dynamic performance of the IPMSM at high speed. Nevertheless, a 

cascaded dc-link configuration has been adopted to avoid the use of power semi-

conductors with high voltage ratings, which have greater conduction losses and are 

more expensive. This configuration consists of two series-connected three-phase 

inverter units, with each unit driving one of the machine windings sets [3]. Further-

more, the high-speed machine is coupled to a single-gear high-speed transmission. 

Such a gearbox was designed to operate at its top speed of more than 20,000 rpm 

while maintaining great efficiency. Reduced weight and cost were achieved due to 

the lack of a pump and corresponding control system thanks to a passive lubrica-

tion/cooling system. 

This work presents the design and validation results of the control solution proposed 

for FITGEN’s e-axle. First, the dynamic models used for the design of the controller 

are presented. Then, the design of the control solution is described, and the experi-

mental validation results are shown. Finally, the conclusions are presented. 
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Dynamic model of the multiphase electrical machine 

Control systems rely on accurate representations of the electrical machine dynamics 

to provide stable and precise control of motor torque. Furthermore, dynamic models 

allow a fast and low-cost assessment of the performance of the e-axle in different 

operating scenarios and load conditions. By simulating the system behaviour, pa-

rameters like response time, efficiency, power consumption, and transient behav-

iour can be analyzed. This section describes the modelling approaches that can be 

used for six-phase machines. First, the mathematical equations modelling the dy-

namics in the natural per-phase variables are developed. Then, two vector model 

approaches, multiphase and double three-phase, are described.  

For a 6-phase machine, the stator voltage equation in the natural variable reference 

frame is: 

𝑽 = 𝑹𝑰 +
𝑑𝑳

𝑑𝑡
𝑰 + 𝑳

𝑑𝑰

𝑑𝑡
+

𝑑Ψ𝑷𝑴

𝑑𝑡
, (1) 

where 𝐕 = [𝒗𝟏, 𝒗𝟐, 𝒗𝟑, 𝒗𝟒, 𝒗𝟓, 𝒗𝟔]
𝑻 and 𝐈 = [𝒊𝟏, 𝒊𝟐, 𝒊𝟑, 𝒊𝟒, 𝒊𝟓, 𝒊𝟔]

𝑻 are the per-phase 

voltages and currents, respectively. 𝐑 is a 𝟔 × 𝟔 diagonal matrix, where each diag-

onal element represents the phase resistance. On the other hand, 𝑳 is the 𝟔 × 𝟔 stator 

inductance matrix. Each element 𝑳𝒊𝒋(𝒊, 𝒋 ∈ {𝟏, 𝟐, … , 𝟔}) represents the self (𝒊 = 𝒋) 

and mutual inductances (𝒊 ≠ 𝒋) between phases i and j. Considering the spatial dis-

tribution of the windings, 𝑳 is a symmetric matrix. The term 𝚿𝐏𝐌 is the 6-dimen-

sional flux linkage vector (𝚿𝑷𝑴 = [𝛙𝟏, 𝛙𝟐, … ,𝛙𝟔]) generated due to the permanent 

magnets For IPMSMs, the elements of 𝑳  and 𝚿𝑷𝑴 vary according to the rotor elec-

trical angle (𝜽𝒆). This is produced because of the variable magnetic reluctance of 

such rotor configuration [4]. Moreover, 𝑳 and 𝚿𝑷𝑴 varies with the stator currents 

due to magnetic saturation. 

The next step is to model the electromagnetic torque produced by the machine. This 

model can be derived from the conventional electrical input power equation (𝑃 =
𝐼𝑇𝑉). First, the non-torque-producing terms are removed (copper and magnetic 

losses). Finally, the expression that relates output power and torque is used (𝑃 =
ω𝑚𝑒𝑐𝑇𝑒𝑚) to get the electromagnetic torque equation: 

𝑻𝒆𝒎 =
𝟏

𝟐
𝑰𝑻 𝒅𝑳

𝒅𝛉𝒎
𝑰 + 𝑰𝑻 𝚿𝑷𝑴 

𝒅𝛉𝒎
, (2) 

Thus, (2) completes the mathematical representation of the electric machine. How-

ever, such a model is complex and highly coupled, not suitable for control system 

design. Therefore, vector transformations are applied to simplify the mathematical 

representation of the model by decoupling and eliminating dependence on rotor po-

sition. These transformations allow the design and implementation of the well-

known FOC technique [5]. 

The first vector transformation 𝑇1 is obtained by multiplying the decoupling trans-

formation matrix 𝐶1 in (3) and the rotating transformation matrix 𝑃1 in (4), i.e., 𝑇1 =
𝑃1𝐶1. 
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𝐶1 =
1

3

[
 
 
 
 
 
1 𝑐𝑜𝑠(α) 𝑐𝑜𝑠(2α) 𝑐𝑜𝑠(3α) 𝑐𝑜𝑠(4α) 𝑐𝑜𝑠(5α)

0 𝑠𝑖𝑛(α) 𝑠𝑖𝑛(2α) 𝑠𝑖𝑛(3α) 𝑠𝑖𝑛(4α) 𝑠𝑖𝑛(5α)

1 𝑐𝑜𝑠(2α) 𝑐𝑜𝑠(4α) 𝑐𝑜𝑠(6α) 𝑐𝑜𝑠(8α) 𝑐𝑜𝑠(10α)

0 𝑠𝑖𝑛(2α) 𝑠𝑖𝑛(4α) 𝑠𝑖𝑛(6α) 𝑠𝑖𝑛(8α) 𝑠𝑖𝑛(10α)
1 0 1 0 1 0
0 1 0 1 0 1 ]

 
 
 
 
 

 (3) 

𝑃1 =

[
 
 
 
 
 
𝑐𝑜𝑠(θ𝑒) 𝑠𝑖𝑛(θ𝑒) 0 0 0 0

−𝑠𝑖𝑛(θ𝑒) 𝑐𝑜𝑠(θ𝑒) 0 0 0 0

0 0 𝑐𝑜𝑠(5θ𝑒) 𝑠𝑖𝑛(5θ𝑒) 0 0

0 0 −𝑠𝑖𝑛(5θ𝑒) 𝑐𝑜𝑠(5θ𝑒) 0 0
0 0 0 0 1 0
0 0 0 0 0 1]

 
 
 
 
 

 
(4) 

Where α = π/3, is the spatial separation between adjacent phases in symmetrical 

six-phase machines. Applying 𝑻𝟏 to (1) and (2), the multiphase vector model is ob-

tained: 

𝑣𝐷1 = 𝑅𝑠𝑖𝐷1 + 𝐿𝐷1

𝑑𝑖𝐷1

𝑑𝑡
− ω𝑒𝐿𝑄1𝑖𝑄1 

𝑣𝑄1 = 𝑅𝑠𝑖𝑄1 + 𝐿𝑄1

𝑑𝑖𝑄1

𝑑𝑡
+ ω𝑒(𝐿𝐷1𝑖𝐷1 + ψ𝑃𝑀1) 

(5) 

𝑣𝐷2 = 𝑅𝑠𝑖𝐷2 + 𝐿𝐷2

𝑑𝑖𝐷2

𝑑𝑡
− 5ω𝑒𝐿𝑄2𝑖𝑄2 

𝑣𝐷2 = 𝑅𝑠𝑖𝐷2 + 𝐿𝐷2

𝑑𝑖𝐷2

𝑑𝑡
− 5ω𝑒𝐿𝑄2𝑖𝑄2 

(6) 

𝑇𝑒𝑚 = 3𝑁𝑝[ψ𝑃𝑀1𝑖𝑄1 + (𝐿𝐷1 − 𝐿𝑄1)𝑖𝐷1𝑖𝑄1] (7) 

This vector model shows that both planes 𝐷1 − 𝑄1 and 𝐷2 − 𝑄2 are decoupled, 

where the frame 𝐷1 − 𝑄1 contains the fundamental components, while the subspace 

𝐷2 − 𝑄2 comprises the 5th and 7th harmonics [5]. From (7), it is deduced that torque 

can be controlled by only regulating the 𝐷1 − 𝑄1 plane currents. Therefore, the op-

timal current references are easier to calculate, with the advantage that cross-cou-

pling between the two three-phase sets is considered. 

The second vector transformation 𝑻𝟐 is obtained by multiplying matrices 𝐶2 and 𝑃2. 

𝐶2 =
2

3

[
 
 
 
 
 

1 𝑐𝑜𝑠(2α) 𝑐𝑜𝑠(4α) 0 0 0
0 𝑠𝑖𝑛(2α) 𝑠𝑖𝑛(4α) 0 0 0

0.5 0.5 0.5 0 0 0
0 0 0 1 𝑐𝑜𝑠(2α) 𝑐𝑜𝑠(4α)

0 0 0 0 𝑠𝑖𝑛(2α) 𝑠𝑖𝑛(4α)
0 0 0 0.5 0.5 0.5 ]

 
 
 
 
 

 (8) 

𝑃2 =

[
 
 
 
 
 
𝑐𝑜𝑠(θ𝑒) 𝑠𝑖𝑛(θ𝑒) 0 0 0 0

−𝑠𝑖𝑛(θ𝑒) 𝑐𝑜𝑠(θ𝑒) 0 0 0 0
0 0 1 0 0 0
0 0 0 𝑐𝑜𝑠(θ𝑒 − α) 𝑠𝑖𝑛(θ𝑒 − α) 0

0 0 0 −𝑠𝑖𝑛(θ𝑒 − α) 𝑐𝑜𝑠(θ𝑒 − α) 0
0 0 0 0 0 1]

 
 
 
 
 

 (9) 
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As previously, applying 𝑻𝟐 to (1) and (2), the double three-phase vector model is 

obtained: 

𝑣𝑑1 = 𝑅𝑠𝑖𝑑1 + 𝐿𝑑

𝑑𝑖𝑑1

𝑑𝑡
− ω𝑒𝐿𝑞𝑖𝑞1 + 𝑀𝑑

𝑑𝑖𝑑2

𝑑𝑡
− ω𝑒𝑀𝑞𝑖𝑞2 

𝑣𝑞1 = 𝑅𝑠𝑖𝑞1 + 𝐿𝑞

𝑑𝑖𝑞1

𝑑𝑡
+ ω𝑒𝐿𝑑𝑖𝑑1 + 𝑀𝑞

𝑑𝑖𝑞2

𝑑𝑡
+ ω𝑒𝑀𝑑𝑖𝑑2 + ω𝑒ψ𝑃𝑀 

(10) 

𝑣𝑑2 = 𝑅𝑠𝑖𝑑2 + 𝐿𝑑

𝑑𝑖𝑑2

𝑑𝑡
− ω𝑒𝐿𝑞𝑖𝑞2 + 𝑀𝑑

𝑑𝑖𝑑1

𝑑𝑡
− ω𝑒𝑀𝑞𝑖𝑞1 

𝑣𝑞2 = 𝑅𝑠𝑖𝑞2 + 𝐿𝑞

𝑑𝑖𝑞2

𝑑𝑡
+ ω𝑒𝐿𝑑𝑖𝑑2 + 𝑀𝑞

𝑑𝑖𝑞1

𝑑𝑡
+ ω𝑒𝑀𝑑𝑖𝑑1 + ω𝑒ψ𝑃𝑀 

(11) 

𝑇𝑒𝑚 =
3

2
𝑁𝑝[ψ𝑃𝑀{(𝑖}𝑞1 + 𝑖𝑞2) + (𝐿𝑑 − 𝐿𝑞)(𝑖𝑑1𝑖𝑞1 + 𝑖𝑑2𝑖𝑞2)

+ (𝑀𝑑 − 𝑀𝑞)(𝑖𝑑1𝑖𝑞2 + 𝑖𝑑2𝑖𝑞1)] 
(12) 

In this model, the 𝑑1 − 𝑞1 and 𝑑2 − 𝑞2 planes are coupled by the terms 𝑀𝑑 and 𝑀𝑞. 

Therefore, the equations of voltages, currents, and torque are more complex than 

those of a three-phase machine. Another feature of applying 𝑇2 is that both planes 

rotate at the same speed, but there is a π/3 offset between them. Both planes can 

produce torque, as shown by (12). The proposed control solution benefits from both 

vector models. 

Design and validation of the control solution 

Fig. 2 shows the block diagram of the control solution designed for the e-axle [6], 

which can be viewed in three stages. The first stage considers the required torque, 

dc-link and stator voltages, and rotor speed to calculate the optimal electric current 

setpoints. These are computed by LUTs, compiled using a high-fidelity mathemati-

cal model in the D-Q synchronous frame to simplify the representation of the com-

plex non-linear and coupled behaviour of the IPMSM. To reduce the LUTS's re-

quired dimensions and increase the controller's robustness against system parameter 

variation, a VCT loop is incorporated. To achieve this, the VCT varies the speed fed 

to the LUTs and keeps the stator voltages in a safe range. 

The second stage comprises the dc voltage active balancing algorithm, necessitated 

by the cascaded topology of the 6-phase SiC-inverter, which balances the input volt-

ages of the sub-inverters. To do so, first, the current references are transformed 

(𝑻𝟏→𝟐) to the d-q synchronous frame to facilitate the independent regulation of each 

three-phase set. Then, a PI controller modifies the current setpoints to balance the 

DC voltage of each three-phase set. Note that only q-axis setpoints are modified to 

avoid disturbing the operation at high speeds or field weakening. As required in an 

automotive application, the algorithm operates correctly in motoring and regenera-

tive braking. 
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The third stage contains synchronous current regulation via PI-FOC featuring feed-

forward decoupling and anti-windup schemes. Additionally, carrier-based Pulse-

Width Modulation blocks synthesize the firing pulses for each sub-inverter. 

In addition to regulating torque, the system optimizes e-axle efficiency by adopt-

ing a variable dc-link strategy to dynamically adapt the inverter bus voltage based 

on the e-motor operating point. The dc-link variation is enabled by the high-perfor-

mance dc/dc converter located between the battery and the 6-phase inverter. A cus-

tom control strategy minimizes the dc-link voltage without affecting control dynam-

ics and minimizes switching losses in the drive and the dc/dc converter [7]. 

Fig. 2 General block diagram of the proposed control solution 

The proposed control solution was experimentally validated. First, the control sys-

tem is validated at TRL-6 over a laboratory test bench, incorporating a full-scale 

prototype with a peak power of 135~kW, developed within the context of the 

FITGEN project. These initial tests show the need of implementing an interleaved 

PWM modulation scheme due to the presence of overlapping windings in the ma-

chine's stator. After this modification, the controller is extensively tested in the la-

boratory under various operation profiles, including several driving cycles. Next, 

the drive prototype is integrated into a real EV, and the novel controller is validated 

at TRL-7, both in dynamometer and on-road tests. For example, Fig. 3 shows the 

experimental results obtained under the US06 driving cycle. The right-side charts 

present a stretch of the US06 cycle at maximum speed, demonstrating accurate 

torque tracking during sharp torque commands, proper voltage balancing, and reg-

ulation of the stator voltages below the maximum admissible value. 

Conclusions  

The control approach conveniently combines two vector representations to meet 

automotive requirements such as torque control accuracy, safe operation, and low 
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computational burden. This approach successfully addressed the highly coupled and 

non-linear nature of the six-phase e-axle with cascaded configuration. Thanks to the 

TRL-7 validation, the industrial applicability of dual three-phase IPMSM drives 

with cascaded dc-link configuration is assessed, and the proposed control solution 

is fully validated for their utilization in real automotive applications. 

 

 

(a) 

 

(b) 

Fig. 3 Experimental results obtained under the US06 driving cycle. 
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