
02 July 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Full-Speed Range Control of a Symmetrical Six-Phase Automotive IPMSM Drive with a Cascaded DC-link Configuration
/ Sierra-Gonzalez, A., Pescetto, P., Alvarez-Gonzalez, F., Heriz, B., Trancho, E., Lacher, H., Ibarra, E., Pellegrino, G.. -
In: IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS. - ISSN 0093-9994. - ELETTRONICO. - 59:3(2023), pp. 1-
12. [10.1109/TIA.2023.3256382]

Original

Full-Speed Range Control of a Symmetrical Six-Phase Automotive IPMSM Drive with a Cascaded DC-
link Configuration

IEEE postprint/Author's Accepted Manuscript

Publisher:

Published
DOI:10.1109/TIA.2023.3256382

Terms of use:

Publisher copyright

©2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2977264 since: 2023-03-21T08:52:13Z

IEEE



Full-Speed Range Control of a Symmetrical
Six-Phase Automotive IPMSM Drive with a

Cascaded DC-link Configuration
Andres Sierra-Gonzalez, Paolo Pescetto, Fernando Alvarez-Gonzalez, Borja Heriz, Elena Trancho,

Hannes Lacher, Edorta Ibarra, Gianmario Pellegrino

Abstract—This work considers the utilization of a symmetrical
six-phase interior permanent magnet synchronous machine drive,
including a cascaded dc-link configuration, to make up an electric
vehicle propulsion system. This way, fast charging capabilities are
provided while avoiding the utilization of power semiconductors
with high voltage ratings. In this scenario, the control algorithm
must deal with the non-linearities of the machine, providing
an accurate setpoint command for the whole torque and speed
range of the drive. Therefore, cross-coupling effects between the
winding sets must be considered, and the voltage of the cascaded
dc-link capacitors must be actively monitored and balanced. In
view of this, the authors propose a novel control approach that
provides all these functionalities. The proposal is experimentally
validated in a full-scale 70 kW electric drive prototype, tested in
a laboratory set-up and in an electric vehicle under real driving
cycle conditions.

Index Terms—symmetrical six-phase, dual three-phase,
IPMSM, full-speed range control, cascaded dc-link, multiphase,
field weakening, electric vehicles, dc-voltage balancing, driving
cycle.

I. INTRODUCTION

Transport electrification plays a relevant role in the miti-
gation of global warming [1]–[3]. Therefore, many resources
are being invested in the development of new technologies.
For example, from 2014 to 2020, the European Union has
invested 3.07 billion euros in transport electrification research
projects [4]. One key investigation area is the development
of new electric drivetrains that would improve the efficiency,
driving range, and performance of next-generation Electric
Vehicles (EV).
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Electrical propulsion systems powered by multiphase drives
are gaining attention over conventional three-phase solutions
thanks to their advantages, such as power splitting, increased
power density, better efficiency, lower current rating power
electronics components, lower torque pulsations, additional
degrees of freedom in the control, and higher fault toler-
ance [5], [6]. Among all the available multiphase architectures,
dual three-phase or six-phase Permanent Magnet Synchronous
Machine (PMSM) drives are being considered for the near
future EV applications, as the technological transition from
three-phase systems is relatively straightforward [7], [8].

In this context, the European Union-funded project FITGEN
aims to develop a functionally integrated e-axle ready to be
implemented in third-generation electric vehicles [9]. This
project’s key performance indicators regarding the state of the
art of EV powertrain at the project’s start are [10]:

• a 40 % increase in the power density of the electric machine,
with a rotational speed up to 22500 rpm.

• a 50 % increase in the power density of the inverter, thanks
to the adoption of SiC components.

• an affordable super-fast charging capability (120 kW peak)
thanks to the dc/dc converter and up to 11 kW domestic
charging through innovative on-board charger topologies.

• an increase in the EV driving range from 740 to 1050 km
(including 75 minutes of charging time) in real-world free-
way driving.

To achieve these targets, the e-axle incorporates a sym-
metrical six-phase Interior Permanent Magnet Synchronous
Machine (IPMSM) with two isolated neutral points, driven
by a full-SiC inverter with a switching frequency of up
to 24 kHz. This propulsion system also includes a dc/dc
converter mounted between the battery and power inverter
(Fig. 1). The incorporation of the dc/dc converter increases
the amount of power electronics elements that can produce
additional conduction and switching losses and also increases
cost. However, the dc-link voltage can be adapted in real-
time through a dedicated control strategy. This way, overall
system power losses (converters and electric machine) can be
minimized, compensating to a great extent the impact of the
additional elements over efficiency [11]–[14].

Thanks to the aforementioned hardware configuration, the
following advantages can be obtained [12], [15]–[19]: (a) The
dc-link is boosted to the 800 V range from a 320 V battery
pack to provide embedded super-fast charging capabilities,
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Figure 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 configuration
and a dual three-phase IPMSM.
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(b) a lower current ripple and a higher power factor can
be obtained, and (c) the dc-link voltage can be regulated
regardless the State of Charge (SoC) of the battery pack.

To avoid the utilization of power semiconductors with high
voltage ratings, which exhibit higher conduction losses and
cost, a cascaded dc-link configuration has been defined within
project FITGEN. This configuration consists of two three-
phase inverter units connected in series, where each unit feeds
one of the motor winding sets (Fig. 1).

Considering all the above, the electric machine control
system must deal with the following aspects:

1) Optimal operation: the controller must compute minimum
magnitude current references according to an operating
point in the full speed range [Maximum Torque per Ampere
(MTPA) and field weakening (FW) operation]. This com-
putation must consider the non-linear and highly coupled
nature of the automotive IPMSM to guarantee accurate
torque control.

2) Current regulation: the control algorithm must properly
regulate the stator currents and generate the firing pulses
of the power semiconductors.

3) Active dc-link voltage balancing: because of the dc-link
cascaded configuration, an algorithm must be incorporated
to balance the input voltage of each three-phase converter
unit.

The first two aspects have been extensively studied in the
scientific literature for three-phase systems. For example, if
a convenient modeling approach is chosen, techniques for
calculating the optimal current trajectories of a three-phase
machine [20], [21] can be easily adapted for the six-phase
scenario. In this manuscript, the authors re-adapt their previ-
ously proposed setpoint generation approach for three-phase
systems [22]. For current regulation, the well-known Field
Oriented Control (FOC) approach has been followed.

Regarding the active dc-link voltage balancing, this kind
of cascaded configuration (and their corresponding voltage

balancing controllers) has been previously proposed in the
literature for applications such as wind turbines based on
asymmetrical six-phase induction machines [23], twelve-phase
induction machines [24], twelve-phase surface mounted per-
manent magnet synchronous generators [25] and nine three-
phase decoupled-segment generators [26]. However, these ap-
plications only consider the generating operation when the dc-
voltage of each inverter unit is asymptotically stable, even in
open-loop. On the other hand, in [27] and [28], a cascaded
configuration is theoretically proposed for EV powertrains.
Therefore, motoring operation is considered. In this scenario,
a close-loop balancing algorithm is required due to unstable
behavior of the dc-link voltages during traction operation.

Considering all the previous, the main contributions of this
work can be summarized as follows:

• A novel dc-link balancing algorithm for cascaded inverter
configurations is proposed. At the best of the authors’
knowledge, the cascaded topology has never been previ-
ously used in full-scale traction IPMSMs. Such application
introduces relevant control challenges related to the EVs
requirements, such as fast control dynamic, extended speed
range including MTPA and FW operation, bidirectional
power flow, non-linear magnetic saturation, cross-couplings,
and relevant switching frequency operation.

• A combined utilization of two vector representations within
the same controller, i.e., the “multiphase” and “double three-
phase” representations, is proposed to take advantage of
both.

• The solution is verified at TRL7 in a real electric vehicle
comprising an automotive 70 kW six-phase IPMSM drive
and under real driving conditions. This way, the industrial
applicability of the proposal is fully demonstrated, which
can be of great interest to industrial engineers, researchers,
OEMs, and vehicle manufacturers alike.

This paper follows the conference version presented in [1].
Apart from including experimental verification, in this article,
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Figure 2: Dual three-phase IPMSM fluxes in the D1−Q1 reference frame.

such preliminary work is extended, i.e., a mathematical model
of the cascaded dc-link is introduced, the procedure to de-
termine the optimum current setpoint trajectories is explained,
and the voltage balancing algorithm is optimized and extended
for regenerative braking operation. The modulation approach is
also highlighted: an interleaved PWM scheme is implemented
to cancel the high current ripple caused by the motor winding
distribution.

II. MATHEMATICAL MODEL OF THE SYSTEM

A. Symmetrical dual three-phase IPMSM

As the proposed controller combines two vector represen-
tations, herein named “multiphase” (T1 matrix) and “double
three-phase” (T2 matrix), both are mathematically described.

The six-phase Clarke-Park transformation matrix T1, de-
fined in (1), transforms the phase currents, voltages, and
flux linkages of the symmetrical IPMSM into the D1 − Q1

(fundamental harmonics) and D2−Q2 (5th and 7th harmonics)
planes, resulting in the following set of equations [29]:

{
vD1 = RsiD1 + LD1

diD1

dt − ωeLQ1iQ1

vQ1 = RsiQ1 + LQ1
diQ1

dt + ωe(LD1iD1 + ψPM1)
(2)

{
vD2 = RsiD2 + LD2

diD2

dt − 5ωeLQ2iQ2

vQ2 = RsiQ2 + LQ2
diQ2

dt + 5ωe(LD2iD2 + ψPM5)
(3)

Tem = 3Np [ψPM iQ1 + (LD1 − LQ1)iD1iQ1] , (4)

where vDQ, iDQ, LDQ and ψPM are the stator voltages, cur-
rents, inductances, and permanent magnet fluxes represented in
the D1−Q1 and D2−Q2 synchronous frames, Rs is the stator
resistance, Np is the pole-pair number and ωe = Npωmech

is the electrical speed. Herein, non-linear magnetic saturation
is considered by adopting current-dependent fluxes and in-
ductances. Fig. 2 shows the fluxes of the automotive electric
machine under test, computed using a Finite Element Model
(FEM).

In this vector representation, the two planes are decoupled.
From (4), it is deduced that torque can be controlled by

only regulating the D1 − Q1 plane currents. Therefore, the
optimal current references are easier to calculate, with the
advantage that cross-coupling between the two three-phase sets
is considered [1].

Note that plane decoupling is not possible when the well-
known Clarke-Park three-phase transformation, here called
T2, is applied to each three-phase set [1], [29]. However, this
vector transformation facilitates the independent regulation of
the power consumed (or delivered during regenerative braking)
by each three-phase set. The application of T2 on the machine
equations results in:

vd1 = Rsid1 + Ld
did1

dt − ωeLqiq1+Md
did2

dt − ωeMqiq2
vq1 = Rsiq1 + Lq

diq1
dt + ωeLdid1+Mq

diq2
dt + ωeMdid2

+ωeψPM

(5)


vd2 = Rsid2 + Ld

did2
dt − ωeLqiq2+Md

did1
dt − ωeMqiq1

vq2 = Rsiq2 + Lq
diq2

dt + ωeLdid2 +Mq
diq1

dt + ωeMdid1
+ωeψPM

(6)

Tem =
3

2
Np[ψPM (iq1+iq2) + (Ld − Lq) (id1iq1 + id2iq2)

+ (Md −Mq) (id1iq2 + id2iq1)],
(7)

where vdq , idq and ψPM are the stator voltages, phase currents,
and permanent magnet fluxes represented in the d1 − q1 and
d2 − q2 synchronous frames. Meanwhile, the terms Ldq and
Mdq are derived by applying T2 to the matrix of mutual- and
self-inductances of the stator.

The control approach proposed in this paper takes advantage
of both vector representations.

B. Mathematical description of the cascaded dc-link

The controller utilizes the q-axis currents to balance the dc
voltages (See section III-B). Considering this, the description
of how the voltages behave when the q-axis currents change
is presented below. Fig. 3 shows the dc-link circuit of the
cascaded configuration, where idc is the current circulating
from/to the dc/dc converter, Vdcj is the voltage of capacitor
Cj , iin,j is the input current to the inverter unit j, and iCj is
the current flowing through capacitor Cj (j ∈ {1, 2}). Using
the Kirchhoff laws, the voltage on each dc-link capacitor is:

Vdcj =
1

Cj

∫
(idc − iinj)dt. (8)

In order to analytically determine the relationship between
the dc-link voltages and the electric machine input currents,
the expression of the average inverter’s input currents is
considered [30], [31]:

avg(iinj) =
3

4
|~idqj |mjcosφj , (9)

where |~idqj | is the current vector magnitude of the j-th three-
phase set represented in the dq reference frame, mj is the
modulation index and cosφj is the power factor. By combining
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Figure 3: Currents circulating through the cascaded dc-link configuration.

(8) and (9), it is possible to determine the voltage variation in
Vdcj due to a change in the current magnitude |~idqj |:

∆Vdcj = −
∫
Bj∆|~idqj |dt, (10)

where Bj = 3mjcosφj/4Cj .
If the variations in the magnitude (∆|~idqj |) are due to

changes in the current component iqj , then

∆|~idqj | =
√
i2dj + (iqj + ∆iqj)2 −

√
i2dj + i2qj . (11)

Multiplying and dividing (11) by the term χ:

χ =
√
i2dj + (iqj + ∆iqj)2 +

√
i2dj + i2qj , (12)

the following approximation holds true as long as |∆iqj | �
|~idqj |:

∆|~idqj | ≈
iqj

|~idqj |
∆iqj . (13)

Substituting (13) into (10) shows that a change in the q-axis
current (∆iqj) will generate the following variation in Vdcj :

∆Vdcj ≈ −
∫
Bj

iqj

|~idqj |
∆iqjdt. (14)

From (8) to (14), the following considerations about the
dynamic behavior of the cascaded capacitors can be drawn
(identical three-phase windings and inverter units are consid-
ered):
• During steady state, iin1 = iin2, B1 = B2, and Vdc1 =
Vdc2 = Vdc/2. However, as pointed out in [23], [27],
unless a voltage balancing strategy is included, even a
slight unbalance in the system will cause dc-link voltages
to diverge.

• Vdc is imposed by the dc/dc converter. As Vdc1+Vdc2 = Vdc,
then ∆Vdc1 = −∆Vdc2. From (8) and considering the circuit
arrangement of Fig. 3, after an initial balancing, the voltage
in both capacitors is:

Vdc1 =
1

C1 + C2

∫
(iin2 − iin1) dt+

Vdc
2
, (15)

Vdc2 =
1

C1 + C2

∫
(iin1 − iin2) dt+

Vdc
2
. (16)

Accordingly, permanent voltage unbalance is solely gener-
ated by an unbalanced power consumption of each three-
phase inverter/machine unit.

20 40 60 80 100 120 140 160
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1000
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Figure 4: Bjiqj/|~idqj | vs. Tem for various values of ωmec, capacitors
C1=C2=320 µF, and with a total dc voltage of 700 V.

• In motoring mode, an increase in the q-axis current’s magni-
tude will cause a decrease in the associated dc-link voltage
(|iqj + ∆iqj | > |iqj | then ∆Vdcj < 0).

• In contrast, in regenerative mode, if |iqj + ∆iqj | > |iqj |,
then ∆Vdcj > 0.

• Finally, Fig. 4 shows the variation of Bjiqj/|~idqj | with the
operating point for the motor under test, retrieved through
FEM data. From Fig. 4 and (14), the non-linear relationship
between the q-axis current and dc-link voltage is clear.

III. PROPOSED TORQUE CONTROL ALGORITHM WITH
DC-LINK VOLTAGE BALANCING CAPABILITIES

Fig. 5 shows the general block diagram of the proposed
multiphase torque control strategy. It aims to deliver the
requested torque while keeping the cascaded dc-links balanced
and the stator voltage below its maximum limit when operating
above base speed. The controller is divided into three stages:
1) The first stage generates the optimal current setpoints

considering the required torque and the actual state (speed,
stator, and dc voltages) of the machine for the whole
operation range (below and above base speed). Setpoints
are obtained by means of D − Q representation (T1) of
the motor, as this representation is simpler and considers
all the cross-couplings among phases and three-phase sets.

2) The second stage incorporates the active voltage balancing
functionality. This stage is done in the d − q space (T2)
as the balancing requires varying the current of each three-
phase set.

3) The third stage includes the synchronous current regulation
loops, one per current loop, and the PWM technique.

A. Currents setpoint generation and field weakening control

For the generation of the optimal current setpoints, a simple
solution with a relatively low computational burden is to pre-
compute these references offline, storing them into Look-up
tables (LUTs) [20]. This offline computation is done in the D−
Q frame, where the motor is considered as a unit, and both sets
interact to produce the required torque. For flux-weakening
operation, the current setpoint is speed dependent. Moreover,
optimal current setpoints also depend on the dc-link voltage
and rotor temperature, requiring, in principle, 4D LUTs. This
increases the computational burden and the required memory
storage. To avoid it, the measured speed is normalized with
respect to the rated dc-link voltage (Fig. 6), as there is a linear
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Figure 5: Block diagram of the proposed multiphase torque control.
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relationship between two torque-speed curves computed for
different values of the dc-link voltage (Fig. 7).

With regard to rotor temperature, its measurement or esti-
mation adds hardware or software complexity to the system.
Consequently, it is of common practice in the industry not to
consider such magnitude within the controller [32]. However,
rotor temperature variations can produce deviations between
the nominal and actual electrical parameters of the machine.
In order to improve the robustness of the algorithm, a Voltage
Constraint Tracking (VCT) feedback (Fig. 6) is utilized [22].
The aim of the VCT loop is to maintain the stator voltage
vector close to the voltage limit margin during FW operation
despite the appearance of significant parameter deviations that
could jeopardize the system operation. To achieve this, the
VCT varies the normalized speed fed to the LUTs depending
on the error between the current control reference voltage v∗s
and the voltage limit. If PWM with triplen harmonics injection
is implemented, the voltage limit is kvVdcj/

√
3, where kv =

0.9 is used to provide a safe margin.
Thus, both the speed normalization and the incorporation

of the VCT feedback loop permit the adoption of simpler 2D
LUTs [22].

For the calculation of the 2-D LUTs, the model represented
by (2), (3) and (4) is considered. Then, optimum currents are
calculated by using the magnetic characteristic of the machine,
either measured [33]–[35] or computed by FEM. Since iD1

and iQ1 are the ones in charge of producing torque, only two
LUTs are needed. The computational steps followed are:
1) Using the FEM data and (4), the electromagnetic torque

ω b1(Vdc    /2) norm ω b2(Vdc  /2)= ω b1(Vdc    /2) norm Vdc

Vdc
norm

ωmech

Tem

Figure 7: Vdc vs. torque-speed curve.

matrix is calculated for all iD1 and iQ1 combinations.
2) For each T ∗em, between Tmin = 0 and Tmax, the constant

torque curve is computed, the MTPA point is found, and
the base speed is calculated.

3) The Maximum Torque per Volt (MTPV) curve is computed.
In this particular case, the MTPV curve is never reached
considering the dc voltage range and the maximum me-
chanical speed of the drive under test.

4) The intersection points between the constant torque curves,
the maximum current circle, and the MTPV curve are
determined.

5) For each value of T ∗em, the curves are delimited to the
desired ranges and concatenated to form the optimal current
trajectories.

6) For each calculated point, its associated speed is computed
and linked.

7) iD1 and iQ1 LUTs are sorted, sized, packed and saved.

The current trajectories calculated for the machine under
test following these steps are shown in Fig. 8.

B. dc-link voltage balancing algorithm

Once the optimal setpoints i∗D1 − i∗Q1 are calculated, they
are transformed into the d1 − q1 and d2 − q2 planes. This is
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done by applying the transformation T1→2 = T2T
−1
1 :

d1
q1
h1
d2
q2
h2

 =


1 0 cos(6θe) −sin(4θe) 0 0
0 1 −sin(6θe) cos(4θe) 0 0
0 0 0 0 1 0
1 0 −cos(6θe) sin(6θe) 0 0
0 1 sin(6θe) cos(6θe) 0 0
0 0 0 0 0 1




D1

Q1

D2

Q2

H1

H2

 .
(17)

As can be seen from (17), if D2 and Q2 are null then the
components d1 = d2 = D1 and q1 = q2 = Q1.

Fig. 9 shows the block diagram of the proposed dc-link
voltage balancing algorithm, which modifies the current ref-
erences according to the error between the measured dc-link
voltage of each set. For convenience and as it is sufficient to act
over one reference current per three-phase set to modify their
power delivery, it has been chosen to change only î∗q1 and î∗q2,
avoiding to vary the flux-related current setpoints (̂i∗d1, î∗d2).
A proportional-integral (PI) regulator computes the variations
∆iq1 and ∆iq2 required to balance the voltages. Then, q-axis
references are modified as:

i∗qj = (|̂i∗qj | −∆iqj)sign(̂i∗qj). (18)

The PI gains have been set through simulations and em-
pirically fine-tuned in the experimental test bench. As stated
previously, increasing or decreasing the magnitude of the
reference currents must be set according to the sign of the
machine power (PM ). Note that the machine is in motoring
mode when PM > 0 and in regenerative operation when
PM < 0.

Although theoretically only a proportional action is needed
to achieve zero steady-state error (14), an integral action has
been incorporated to compensate real machine phenomena
such as manufacturing asymmetry, unbalance between three-
phase assemblies, partial saturation, magnetic unbalances, or
parasitic impedances. Automotive-grade components are used
in this application. Thus, parametric dispersion of the compo-
nents and their parasitic resistance is expected to be minor but
still unavoidable. Therefore, the voltage balancing algorithm
is necessary, and even at steady-state, one three-phase set
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Figure 9: Block diagram of the proposed active voltage balancing algorithm.
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Figure 10: Implemented interleaved PWM strategy with a π radians phase-
shift for the second winding set.

can drive more current than the other one, but the current
discrepancy is expected to be minor and not significantly affect
the losses or the lifetime of the drive.

C. Current regulation loops and adapted PWM scheme for
symmetrical IPMSM with overlapped windings

The last stage of the six-phase torque controller includes
two FOC current control loops, one for each three-phase
set [36]. Both loops include Proportional-Integral controllers
(PI), decoupling feed-forward terms (19) and (20), derived
from (5), and an anti-windup scheme.

ffd = Rsi
∗
d − ωeLqi

∗
q − ωeMqi

∗
q , (19)

ffq = Rsi
∗
q + ωeLdi

∗
d + ωeψPM + ωeMdi

∗
d. (20)

The voltage references provided by the regulators are trans-
formed from the d − q reference frame into the respective
three-phase values. Finally, the PWM module synthesizes the
firing pulses, where a min-max type zero sequence injection
block is included for the duty-cycle calculation to maximize
the linear range of the output voltage [37].

It should be noted that in the adopted symmetrical IPMSM,
the windings of both three-phase sets are overlapped, thus
sharing the same stator slots. Therefore, the two sets present a
mutual leakage inductance, highly coupling the two windings
at PWM frequency. If a standard PWM technique is adopted,
this results in an extremely high current ripple, with the
consequent additional loss, acoustic noise, and poor control
performance [23], [38]. All these effects are strongly mitigated
by phase-shifted or interleaved PWM [28], [39], [40]. In [41],
[42], the mathematical expressions that allow calculating the
optimal phase-shift between the carrier of each three-phase set
of a six-phase machine are detailed. Here, a phase-shift of π
radians is applied (Fig. 10).
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Table I: Relevant nominal parameters of the dual three-phase drive prototype.

Parameter Value Units

Electric machine
Pole-pair number (NP ) 3 -
d-axis nominal inductance (Ldnom) 55.6 µH
q-axis nominal inductance (Lqnom) 291.3 µH
Stator resistance (Rs) 8.8 mΩ
PM nominal flux (ψPM ) 0.029 Wb
Nominal power (Pnom) 70 kW
Nominal torque (Tem,nom) 80 Nm
Nominal mechanical speed (wmech,nom) 8000 r/min
Maximum power (Pmax) 135 kW
Maximum torque (Tem,max) 170 Nm
Maximum mechanical speed (wmech,max) 22000 r/min
Maximum current per phase (Imax) 235 Arms

Power electronics
dc-link capacitance 320 µF
Switching frequency (fsw) 24 kHz
Total dc-link voltage 480 to 800 V

IV. EXPERIMENTAL VALIDATION

A. Experimental platform description

Fig. 11 shows the experimental platform used initially to
validate the proposed control approach. It includes a full-
scale traction symmetrical dual three-phase IPMSM proto-
type within project FITGEN, which development was led by
BRUSA Elektronik AG, coupled to a load machine through a
torque transducer. The load machine is speed regulated, while
the machine under test is torque regulated. The six-phase SiC
inverter with cascaded dc-link capacitors is incorporated at the
rear side of the machine housing. Table I summarizes the most
relevant nominal parameters of the electric drive prototype. A
dSPACE MicroAutoBox II Rapid Control Prototyping (RCP)
platform (including an IBM PPC 750GL at 900 MHz and 16
parallel 16-bit ADC channels with a conversion rate of 1 Msps)
has been used to implement the proposed control algorithm.

B. Current regulation, field weakening and voltage balancing

Several experimental tests have been carried out in order
to validate the main parts of the controller, i.e., the current
(torque) regulation loops, the voltage balancing algorithm, and
the current setpoint generation block (MTPA and FW).

0 5 10 15 20 25 30 35 40

-150

-100

-50

0

0 5 10 15 20 25 30 35 40

0

50

100

150
30.2 30.4

-89

-87

30.2 30.4

93

97

(a)

0 5 10 15 20 25 30 35 40

0

50

100

(b)

0 5 10 15 20 25 30 35 40

238

240

242

(c)

Figure 12: Experimental results obtained for various torque steps. (a) dq-axis
currents, (b) electromagnetic torque, and (c) dc-link voltage balancing.

Fig. 12 shows the experimental results obtained when the
machine rotates at 2500 rpm and various torque steps are
applied. The dq currents of both three-phase winding sets are
regulated to the MTPA reference values [Figs. 12(a)-I and -
IV]. As a result, the measured (Tmeas

em ) and estimated (T est
em )

electromagnetic torque produced by the machine tracks the
reference torque [Fig. 12(b)]. Slight differences between the
setpoint and the torque measurement are caused by small in-
accuracies in the drive model parameters. However, the torque
estimated from current measurements tracks the reference
more closely. Note that the reference torque slew rate is limited
to 100 Nm/s (1250 Nm/s on wheel thanks to a gearbox) to
ensure driver’s and passenger’s comfort.

The control action of the dc-voltage balancing algorithm
is shown in detail in Fig. 12(a). As it can be seen from
Fig. 12(a)-III, the balancing algorithm modifies the q-axis cur-
rent references since the mean value of the references i∗q1 and
i∗q2 are ±1A away from the LUT reference i∗Q1. In addition,
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Figure 13: Experimental results obtained when accelerating the six-phase
IPMSM up to 19000 rpm. (a) Mechanical speed, (b) stator voltages, and (c)
dc-link voltage balancing.

i∗q1 and i∗q2 fluctuate themselves in steady state conditions
with an amplitude of ±1A (only 0.5 % of the maximum
inverter current). In contrast, the d-axis currents references are
unaltered during steady-state conditions [Fig. 12(a)-II]. The
dynamics of the voltage balancing loop are fast enough to keep
Vdc1 and Vdc2 around Vdc/2 during steady state and transients
[Fig. 12(c)].

To validate the FW algorithm, including the VCT loop,
the electric machine has been accelerated from standstill up
to 19000 rpm [Fig. 13(a)] while a constant torque setpoint
of 30 Nm is commanded. Thanks to the proposed field
weakening approach, the two three-phase set stator voltages
vs1 and vs2 are kept below the maximum voltage limit,
vdcMAX = kvVdc/2

√
3 during the whole test [Fig. 13(b)]. The

dc-link voltage of each inverter unit is kept balanced thanks
to the proposed voltage balancing algorithm [Fig. 13(c)].
These voltages would become unbalanced and jeopardize the
integrity of the power system if the balancing algorithm were
not active.

C. Interleaved PWM

The performance of the electric drive is tested under the
application of a conventional carrier-based PWM scheme and
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Figure 14: Phase currents with high ripple obtained without interleaving
during early tests, when a 50 Nm torque is requested at 7800 rpm. (a) Phase
currents and (b) frequency spectrum of phase currents.
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Figure 15: Phase currents with low ripple thanks to the interleaved PWM,
when a 40 Nm torque is requested at 7800 rpm. (a) Phase currents and (b)
frequency spectrum of phase currents.

later with the interleaved PWM pattern incorporated in this
paper. Fig. 14 shows the phase currents obtained during early
tests, where the Double zero-sequence injection modulation
technique [43] is used with no phase shift. Fig. 14(b) shows
the high undesired phase current components generated at the
fundamental and third harmonic of the switching frequency
(fsw). Where fe is the actual electric frequency. In contrast,
Fig. 15 shows how the use of the interleaved PWM effectively
eliminates the ripple in the phase currents. Apparent high-
frequency electromagnetic noise is caused by the use of current
probes having low disturbance rejection. Such fictitious high-



Figure 16: Electric vehicle used to carry out the verification of the proposed
control approach under standardized driving cycles.

frequency noise is not present in the real motor current.

D. Driving cycle results in real electric vehicle

Finally, the electric drive has been integrated and validated
in a real electric vehicle under realistic driving and harsh
environmental conditions within project FITGEN, led by Cen-
tro Ricerche FIAT SCPA (CRF). Tests have been carried out
on-road and with the vehicle mounted over a dynamometer
(Fig. 16). Fig. 17 shows the experimental results obtained
when the vehicle is operated under a World Harmonized Light-
duty Vehicle Test Procedure (WLTP) driving cycle. This cycle
characterizes the speed and torque profiles [Fig. 17(a)] for
which the machine should operate in a typical urban and extra-
urban route.

As shown in Fig. 17(a), the generated electromagnetic
torque tracks the reference one satisfactorily. The performance
of current regulators is shown in Fig. 17(b), where id1 and
iq1 currents of the first winding set track their references.
Equivalent results are obtained for the second winding set.
These results validate both the setpoint generation approach
and the convenience of the used vector representation.

What is more, the drive operates with a variable dc-link
voltage produced by the dc/dc converter. The voltages of the
cascaded dc-link capacitors are kept balanced for the whole
trip thanks to the proposed balancing scheme [Fig. 17(c)].
In general, a dc-link voltage ripple of approximately 3 V is
obtained, although higher deviations are produced while the
vehicle is at standstill (at zero speed and with zero torque
command), as the balancing algorithm is disabled to avoid
any torque production. Minor variations up to ±5 V, with
respect to the reference voltage, are observed, but the action
of the balancing algorithm leads to a fast equilibration of both
voltages once the machine produces torque again.

Besides the WLTP, three other driving cycles were success-
fully tested and validated. Fig. 18 maps the cycles’ operating
points and compares them to the rated torque curve. Where
RWC1 and RWC2, Real World driving Cycle 1 and 2, are
two urban routes in the Turin area. The last cycle is the
US06 Supplemental Federal Test Procedure (SFTP). In this
figure, the ratio between vehicle and machine rotation speeds
is shown.
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Figure 17: Experimental results obtained for the WLTP driving cycle with
the electric vehicle under test. (a) Mechanical speed and Torque vs. reference
torque, (b) dq-axis current in the first three-phase winding set, and (c) dc-link
balancing and stator voltage regulation.
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Figure 18: Operating points map of the tested driving cycles: (a) RWC1, (b)
RWC2, (c) US06 and (d) WLTP.

V. CONCLUSION

In this work, a novel control approach to regulate the
torque production of a symmetrical six-phase IPMSM drive
with a cascaded dc-link configuration has been proposed,
developed, and experimentally validated in a full-scale traction
drive. This approach conveniently makes use of the different
vector representations and meets the automotive requirements:
torque control accuracy in the full speed range, safe opera-
tion, and low computational burden. The feasibility of this
type of solution for the automotive scenario has also been
initially demonstrated at TRL6 using several driving cycles.
Furthermore, a TRL7 validation of the drive under test in a
commercial EV platform has been completed.

To the best of authors’ knowledge, it is the first time that this
type of cascaded dc-link configuration has been successfully
applied for EV applications at full-scale level. Finally, it is

important to point out that although this control solution
has been originally proposed for a symmetrical dual three-
phase machine, the developed control can be extended to
asymmetrical dual three-phase machines or even to multiple
three-phase motors by adapting the transformation matrix.
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