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Abstract—To meet the demand for increasingly high
power density in electric drives, the concept of a so-called
integrated modular motor drive has emerged. The machine
is composed of multiple identical modules, which receive
individual control signals for multiphase control, to re-
duce unwanted stator current harmonics. Each module is
equipped with its own power electronic converter, which
is integrated in the machine housing. This integration im-
poses strict constraints on the dc-link capacitor design. To
reduce the dc-link current ripple, and hence relax the de-
sign constraints on the dc-link capacitor, without compro-
mising the possibility to eliminate unwanted stator current
harmonics by means of multiphase control, a new inter-
leaving strategy is proposed in this article. The n modules
of the machine are split into p subgroups of m modules
for interleaving, while the n-phase control is preserved. An
analytical model, simulations and experimental results are
provided for a 4 kW test setup, confirming that multiphase
control can be combined with interleaving. As a result, both
the stator current harmonic distortion and the dc-link cur-
rent ripple can be reduced simultaneously.

Index Terms—DC-link capacitor, integrated modular mo-
tor drive (IMMD), interleaving, multiphase.
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I. INTRODUCTION

THE HIGH energy efficiency, high power density, and
high operating temperatures of emerging power electronic

technologies make so-called integrated modular motor drives
(IMMDs) a viable possibility [1], [2]: the power electronic
converters are integrated in the machine housing and the machine
is discretized into n separate modules. Each module consists of
a stator segment with a concentrated winding, fed by a dedicated
converter and controller. The stator of an axial flux permanent
magnet synchronous machine (AFPMSM) with yokeless and
segmented armature (YASA) topology is composed ofn separate
stator core elements [3]. Therefore, its design is inherently suited
to be adapted to an IMMD, as is illustrated in Fig. 1. Due to its
high efficiency, low weight and compactness, and the resulting
high power density, an AFPMSM with YASA topology can be
used in transport, energy, and industrial applications [3]–[5].

Their modular design makes IMMDs benefit from economies
of scale. The partitioning of the power over the separate modules
also results in lower individual component ratings. Besides, an
increased power density of the motor-drive combination can be
obtained due to the volume decrease as a result of the shared
housing.

Another advantage of an IMMD, is the feature that the current
in each of the n stator modules can be controlled separately. The
additional degrees of freedom in such a multiphase control can
be utilized for multiple purposes [6]–[8]. A variety of trans-
formations has been proposed to decompose the n-dimensional
space into decoupled, orthogonal subspaces that can be con-
trolled independently [9], [10]. These subspaces allow to con-
trol not only the fundamental component of the stator current
but also its harmonic content. Stator current harmonics which
do not contribute to the torque production—but cause stator
current ripple and additional losses—can hence be reduced.
Karttunen et al. [11] use a disturbance observer for this purpose,
while Jones et al. [12] and Yepes et al. [13] use, respectively,
additional proportional-integral (PI) and resonant controllers.
Another possibility is to enhance the torque production by stator
current harmonic injection [14], [15]. The additional degrees of
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Fig. 1. Concept of an IMMD: the AFPMSM consists of (1) two rotor
discs with permanent magnets, (2) a motor housing and heatsink, and
n modules. A module consists of (3) a stator core element with a
concentrated winding and (4) its dedicated power electronic converter,
which is integrated in the machine housing.

freedom under multiphase control also prove useful for fault-
tolerant control [7], [8]. They can be deployed, for instance,
to improve the current quality [16], to contribute to the torque
production [17], or to deliver maximum available ripple-free
torque with minimum copper losses [18].

The main disadvantage of IMMDs, on the other hand, is the
exposure of the power electronic components to the high tem-
peratures, vibrations, and electromagnetic fields in the machine
housing. Jahns and Dai [19] indicate that one of the key technical
challenges for full adoption of IMMDs is the reliability of the
power electronics (PEs): the lifetime of the PEs must match
or exceed the lifetime of the electric machine. Besides, the
integration severely limits the permitted volume of the PEs. To
tackle these two challenges, stringent requirements are imposed
on the design of the dc-link capacitor, as 30% of the failures in PE
systems is due to capacitor failure [20], and dc-link capacitors
and other passive components occupy up to 30% of the total
volume of the PEs [21]. The lifetime and size of the dc-link
capacitor are strongly related to the dc-link current ripple. High
dc-link current ripple increases the core temperature of an elec-
trolytic dc-link capacitor and hence accelerates its degradation
process and the corresponding capacitance drop [22]–[24]. The
reduction of the dc-link current ripple is hence key to address
the challenges in the PE design of IMMDs. Nevertheless, other
dc-link capacitor design considerations, such as dc-link voltage
ripple reduction or energy storage capacity, should be taken into
account as well [25]. Although an elaborate study on the effect
of dc-link voltage ripple constraints on the dc-link capacitor
design falls outside the scope of this article, it is interesting to
note that the peak-to-peak dc-link voltage ripple amplitude is
proportional to the dc-link current ripple [22].

Interleaving of the carrier waveforms for pulsewidth modu-
lation (PWM) is a solution to obtain a dc-link current ripple
reduction in a two-level voltage source inverter (2L-VSI). A
similar principle can be applied, for instance, to reduce the
input current ripple of a dc/dc converter [26], [27] or boost
converter [28]–[30], to decrease the output current ripple of a
three-phase buck converter [31], or to reduce the torque ripple
in sectored multi three-phase machines [32]. To interleave with
an n-phase 2L-VSI, the n phases are split into p subgroups of

Fig. 2. Interleaving strategies for n = 6 modules, divided into p = 2
subgroups of m = 3 modules. (a) Traditional interleaving strategy: each
subgroup gets a dedicated carrier waveform, but the same m-phase
reference. (b) Proposed interleaving strategy: each subgroup gets a
dedicated carrier waveform, and the references remain n-phase.

m phases (n = p ·m). Each group has a dedicated carrier wave,
which is shifted with respect to the carrier waves of the other sub-
groups. In [23], it is experimentally verified that this interleaving
technique allows to reduce both the dc-link capacitance and the
dc-link capacitor volume of a 55 kW inverter prototype by 60%,
while still reducing the capacitor ripple current by 55%–75%
as well. However—just as in the other papers where this in-
terleaving technique is applied to the inverter of a segmented
multiphase machine [33], [34] or an IMMD [35]–[37]—this
interleaving technique is accompanied by a downgrade from
an n-phase control to an m-phase control. According to this
traditional interleaving strategy, which is illustrated in Fig. 2(a),
each subgroup gets a dedicated carrier waveform, but the same
m-phase reference as the other subgroups. As a result, the tra-
ditional interleaving strategy properly addresses the challenges
concerning the PE design of an IMMD on the one hand, but
impedes the benefits of multiphase control on the other hand by
reducing the available degrees of freedom for the stator current
control.

Therefore, the aim and novel contribution of this article is
to combine the advantageous effects of multiphase control and
interleaving. The n phases are divided into p subgroups for
interleaving, but then-phase control is preserved and each phase
receives a different voltage reference, as is illustrated in Fig. 2(b).
It is chosen to use the additional degrees of freedom of the
multiphase control to reduce the stator current ripple and its
harmonic distortion. The reduction in dc-link current ripple
with this new interleaving strategy (which is a combination
of multiphase control and interleaving) is compared to the
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TABLE I
CONSTRUCTION OF THE H-VECTOR FOR A 6-PHASE MACHINE

TABLE II
CONSTRUCTION OF THE H-VECTOR FOR A 7-PHASE MACHINE

reduction obtained with traditional interleaving (in which in-
terleaving comes at the expense of a downgrade from n-phase
to m-phase control). The difference in stator current ripple
and harmonic distortion is investigated as well. Simulation and
experimental results are provided for a 4 kW AFPMSM with 15
modules. Contrary to [38], the method is generalized for other
topologies, more technical information about the control- and in-
terleaving strategies is provided, an analytical study is conducted
and a comprehensive experimental validation is included.

II. MACHINE MODEL DESCRIPTION

The model of the surface-mounted AFPMSM is described in
multiple orthogonal dq-reference frames, rotating in synchro-
nism with the current harmonics that need to be controlled. For
this purpose, the generalized Clarke and Park transformation
matrix T = PZF is used, which is elaborated in [9]. F, Z, and
P are three m×m matrices, with m the amount of phases. The
elements of the Fourier transformation matrix F are defined as

fik =
1

m
ej

2π
m (i−1)(k−1), i, k ∈ {1, . . .,m}, j2 = −1.

(1)
For the inverse matrix F−1 applies

(f−1)ik = e−j 2π
m (i−1)(k−1). (2)

The diagonal rotation matrix Z has the following elements:

z11 = 1, zik = 0, zii = ejhiNp(θ−θ0,i) (3)

with θ the mechanical angle, Np the number of pole pairs, hi

the harmonic order, and θ0,i the phase offset of that particular
harmonic. The considered harmonics hi are elements of a vector
H, with h1 = 0 and hi = −hm−i+2 (i = 2, .., �m/2�) for odd
m, and h1 = h2 = 0 and hi = −hm−i+3 (i = 3, . . .,m/2 + 1)
for even m. To construct this H-vector, the procedure described
in [9] is followed. First, the harmonics that need to be regulated
are selected. Second, a table is constructed to determine the
sequence of these harmonics in the H-vector. The first line of
this table is a sequence 0, 1, 2, ..., m− 1 for odd m, and a
sequence 0, 0, 1, 2, ..., m− 2 for even m, written from left to
right. The second line is a sequence −1,−2, . . . ,−m for both
odd and even m, written from right to left. Finally, the correct
sequence of the coefficients matching the harmonics that need
to be regulated can be read from the table, as is illustrated in
Table I and II for a 6- and 7-phase machine, respectively.

The elements of the complex permutation matrix P are ex-
pressed as follows in [9]:

pik =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 ⇔ i = k = 1

1 ⇔ ((i = k) ∨ (i = m+ 2− k)) ∧ (m+ 2− i > i)

j(1− 2 ·mod(i, 2)) ⇔ (i = k) ∧ (m+ 2− i ≤ i)

−j(1− 2 ·mod(i, 2)) ⇔ (i = m+ 2− k) ∧ (k ≤ i).
(4)

The inverse matrix P−1 has the following elements:

(p−1)ik =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 ⇔ i = k = 1
1
2 ⇔ ((i = k) ∨ (i = m+ 2− k))

∧(m+ 2− k > k)

− 1
2j(1− 2 ·mod(k, 2)) ⇔ (i = k)

∧(m+ 2− k ≤ k)
1
2j(1− 2 ·mod(k, 2)) ⇔ (i = m+ 2− k)

∧(i ≤ k)

.

(5)
The advantage of this generalized transformation is that it can

be used for an arbitrary number of phases m.
After applying the Clarke and Park transformation, the model

of the AFPMSM can be written in the following form:

vdh = Rsidh + Lh
didh

dt
−NphΩLhiqh (6)

vqh = Rsiqh + Lh
diqh

dt
+NphΩLh(idh + iPM,h). (7)

Rs (Ω) represents the stator winding resistance per stator mod-
ule;Np the number of pole pairs;h the harmonic order;Ω (rad/s)
the mechanical speed. The permanent magnets are represented
by iPM, which is a constant equivalent current along the d-axis,
resulting in the same flux level as generated by the permanent
magnets. The stator inductances L for the d- and q-axis are
approximately the same, because the considered AFPMSM
has surface-mounted permanent magnets. The inductances in
the dq-reference frame are derived from the experimentally
determined self inductances Lx,x and mutual inductances Lx,y

(x, y ∈ {1, . . .,m}, x 	= y)

Ldq = TLabcT
−1 (8)

with Ldq = diag([L|h1|, L|h2|, . . ., L|hm|]) and

Labc =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

L1,1 L1,2 . . . L1,m−1 L1,m

L2,1 L2,2 . . . L2,m−1 L2,m

...
...

. . .
...

...

Lm−1,1 Lm−1,2 . . . Lm−1,m−1 Lm−1,m

Lm,1 Lm,2 . . . Lm,m−1 Lm,m

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

To obtain experimental values for Lx,y , only winding y is
supplied with current by means of a 50 Hz ac-excitation, and
all other windings are open-circuited. The induced voltage is
then measured in stator winding x.

The stator voltages v and currents i in the dq-reference frame
of the harmonic h are obtained by applying the Clarke and Park



VERKROOST et al.: SIMULTANEOUS DC-LINK AND STATOR CURRENT RIPPLE REDUCTION WITH INTERLEAVED CARRIERS 5619

Fig. 3. (a) General control structure for [p,m] = [5, 3] with (b) five
times 3-phase PI control under the traditional strategy, which can only
control the fundamental stator current component, or (c) 15-phase PI
control under the proposed strategy, which can control seven harmonic
stator current components. In (a) it is shown that the 15 phases are split
into 5 subgroups of 3 phases for reduction of the dc-link current ripple
by means of interleaving for both (b) and (c).

transformations to the phase voltages and currents

Vdq = TVabc, Idq = TIabc. (9)

III. PI CONTROL STRATEGIES

The n modules of an IMMD can be divided into p sub-
groups of m modules. The modules belonging to the same
subgroup are connected in a neutral point, giving p m-phase
stars. For traditional interleaving, this division implies that the
phase current control downgrades from an n-phase control to
an m-phase control, which can eliminate less harmonic orders.
The proposed interleaving strategy, which will be elaborated in
Section IV, aims to preserve the n-phase control. The control
structure depicted in Fig. 3 for [p,m] equal to [5, 3] is used to
study the difference between the different control strategies: p
independent m-phase controllers as in Fig. 3(b), or one n-phase
controller as in Fig. 3(c). The phase currents of each subgroup
are transformed by means of the m- or n-phase Clarke and Park
transformation, respectively, explained in Section II. Each of the

Fig. 4. Definition of the interleaving angle κ between the carrier waves.

harmonics is controlled by two PI controllers: one to control iqh

and one to control idh.
As one of the goals of this article is to compare the stator

current ripple obtained with the different strategies; an objective
quantification of this ripple is defined by means of its root mean
square (rms) value

rms(Δiq1) =

√
1

s

∑s

k=1

(
iq1(k)− iq1

)2
. (10)

iq1 is the average value of iq1 over the considered s samples.
The weighted total harmonic distortion (WTHD) can provide
an objective quantification of the stator current ripple as well.
This parameter is defined as follows:

WTHD(ia) =
1

Ia1

∑
h 	=1

(
Iah

h

)2

(11)

with Iah the modulus of the hth harmonic in ia.
It is expected that the n-phase control of the proposed

interleaving strategy results in lower rms(Δiq1) and lower
WTHD(ia), which will be verified in the case study of
Section VI.

IV. INTERLEAVING STRATEGIES

In this section, interleaving will be introduced in order to re-
duce the dc-link current ripple. Each subgroup—consisting ofm
modules connected in star—gets its own carrier wave to generate
the PWM signals that drive the n-phase 2L-VSI. These carrier
waves are shifted with respect to each other with an interleaving
angle κ, which is defined in Fig. 4. Due to the shift between
the carrier waves, there is also a shift between the phase voltage
pulses of the subgroups, which in turn causes a shift between the
phase current ripples. As the dc-link current contains the sum
of all the phase currents, the dc-link current ripple will be lower
as compared to the situation without interleaving, in which all
phase current ripples are in phase.

Two interleaving strategies will be investigated in this article.
Their working principle is illustrated in Fig. 5. The first strategy,
depicted in Fig. 5(a), corresponds to traditional interleaving.
When thenmodules are divided into p subgroups ofmmodules,
each subgroup gets its own m-phase controller and its own time
line, shifted with a time step κ′ = κ/(2πfu). As the m-phase
control only needs information about the current in its own
m modules, the current and rotor position measurements do
not need to be performed simultaneously for the p subgroups.
As a result, the current and rotor position measurements are
always performed in the middle of the period of the carrier
wave corresponding to the subgroup under consideration, i.e., at
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Fig. 5. Interleaving strategies. (a) Traditional interleaving strategy: the
carriers, the current measurements, the m-phase PI control and the
voltage references are all shifted per group. (b) Proposed interleaving
strategy: only the carriers are shifted. The current measurements for the
n modules, the n-phase PI control and the resulting n-phase voltage
reference remain simultaneous.

instant k + 1/2 for the first, nonshifted subgroup with carrier a
and at instant k′ + 1/2 for the second, shifted subgroup with
carrier b. The m-phase PI controllers calculate the m-phase
voltages that need to be applied during the next time step,
respectively, k + 1 → k + 2 and k′ + 1 → k′ + 2 for the two
illustrated subgroups. As a result, the voltage reference for a
subgroup always changes at the beginning of a new period of
the carrier wave of that subgroup.

The second interleaving strategy is presented in Fig. 5(b) and
corresponds to the new, proposed interleaving strategy. In this
strategy, the n modules are split in p subgroups of m modules
for interleaving, but the n-phase control is preserved. This
implies that the n-phase controller needs information about all n
phase currents to apply the n-phase transformation described in
Section II, and not only about the m phase currents belonging to
one subgroup. Therefore, allnphase currents are measured in the
middle of carrier wave a of the first, nonshifted subgroup, after
which then-phase controller determines then-phase voltage that
will be applied during the next time interval k + 1 → k + 2.
Contrary to the traditional interleaving strategy, now only the
carrier waveforms are shifted with respect to each other. As a
result, the voltage reference for a subgroup does not necessarily
change at the beginning of a new period of the corresponding
carrier wave, as is shown for carrier b in Fig. 5(b).

V. ANALYTICAL MODEL OF THE DC-LINK

CURRENT UNDER INTERLEAVING

In this section, an analytical model for the dc-link current
ripple is provided. Each stator winding of the IMMD is fed by

Fig. 6. Schematic overview of the modules with their dedicated con-
verters for [p,m] = [2, 3]. Parasitic inductances between the modules
are neglected. (a) Original circuit. (b) Simplified circuit.

a dedicated converter leg, with a dedicated dc-link capacitor
C, as is illustrated in Fig. 6(a). When parasitic inductances
between the modules are neglected, the circuit can be simplified
into Fig. 6(b) by combining all the capacitors into one single
capacitor Ctot. The dynamics of the converter can be expressed
as

Vdc = Rdcidc + Ldc
didc
dt

+ vconv (12)

Ctot
dvconv
dt

= idc − iconv (13)

with Vdc, idc, Rdc, and Ldc, respectively, the dc-link voltage,
-current, -resistance, and -inductance. vconv and iconv are, re-
spectively, the input voltage and -current of the converter itself,
with iconv =

∑
x sxix. sx and ix are, respectively, the binary

switching function and the phase current of phase x. In case of
ideal switches, sx equals 1 if the upper switch of phase x is ON,
and the lower switch is OFF. sx equals 0 if the lower switch of
phase x is ON, and the upper switch is OFF.

The dc-link current idc at frequencyω can hence be expressed
as

Idc(ω) =

∑
x(Sx ⊗ Ix)(ω)

1− ω2LdcCtot + jωRdcCtot
. (14)

The symbol ⊗ denotes the two-dimensional convolution of the
Fourier coefficients. The switching function can be expanded in
a double Fourier series [39]–[41]

sx(u, v) =
A00

2
+

∞∑
n=1

[A0n cos(nv) +B0n sin(nv)]

+
∞∑

m=1

∞∑
n=−∞

[Amn cos(mu+ nv) +Bmn sin(mu+ nv)]

(15)
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TABLE III
MACHINE PARAMETERS

where

Smn = Amn + jBmn

=
1

2π2

∫ π

−π

∫ π
2 (1+ṽ∗

x(v))+κ

−π
2 (1+ṽ∗

x(v))+κ

ej(mu+nv)du dv (16)

with u = ωct and v = ω0t. ωc is the carrier angular frequency,
and ω0 is the fundamental angular frequency of the reference
voltage waveform v∗x(v) of phase x, with ṽ∗x(v) = 2v∗x(v)/Vdc.
In case of traditional interleaving, v∗x(v) originates from an m-
phase controller. For the new, proposed interleaving strategy,
v∗x(v) comes from an n-phase controller.

The time-function idc(t) can be reconstructed from its Fourier
coefficients (14) in a similar way as (15), using the relation
ω = mωc + nω0.

As the dc-link capacitor (with reactance 1/(ωcCtot)) is de-
signed to conduct the high-frequent dc-link current ripple instead
of the dc voltage source (with impedance Rdc + jωcLdc >
1/(ωcCtot)), the interleaving results in a current ripple reduction
in iC that is even more pronounced than the current ripple
reduction in idc. The stress on the dc-link capacitor can hence
effectively be reduced.

VI. CASE STUDY ON A 15-PHASE AFPMSM

To clarify the PI control strategies and interleaving strategies,
they will now be implemented on an AFPMSM consisting of 15
modules. Each module is equipped with a dedicated half-bridge
inverter leg. The machine parameters are listed in Table III.

For the purpose of the interleaving strategies explained in
Section IV, the 15 modules ({a, b, c, d, e, f , g, h, i, j, k, l, m, n,

o}) of the AFPMSM serving as an example in this article, can
be connected into the following three topologies:

1) Topology 1: 5 subgroups of 3 modules ([p,m] = [5, 3]):
{A = {a, f, k}, B = {b, g, l}, C = {c, h,m}, D =
{d, i, n}, E = {e, j, o}}

2) Topology 2: 3 subgroups of 5 modules ([p,m] = [3, 5]):
{A′ = {a, d, g, j,m}, B′ = {b, e, h, k, n}, C ′ =
{c, f, i, l, o}}

3) Topology 3: 1 group of 15 modules ([p,m] = [1, 15]):
{A′′ = {a, b, c, d, e, f, g, h, i, j, k, l,m, n, o}}

The modules belonging to the same subgroup are connected
in a neutral point, giving, respectively, five 3-phase stars, three
5-phase stars, or one 15-phase star.

A. Stator Current Ripple Reduction

For a 15-phase control, seven harmonics can be considered
according to Section II: h ∈ {1, 3, 5, 7, 9, 11, 13}, and hence
H = [0, 1, −13, 3, −11, 5, −9, 7, −7, 9, −5, 11, −3, 13,
−1] and Ldq = diag([L0, L1, L13, L3, L11, L5, L9, L7, L7,
L9, L5, L11, L3, L13, L1]). For three subgroups with 5-phase
control, only the first and third harmonic can be regulated.
The H-vector diminishes to H = [0, 1,−3, 3,−1] and Ldq

to diag([L0, L1, L3, L3, L1]). For five subgroups with 3-phase
control, only the fundamental (h = 1) can be considered, with
H = [0, 1,−1] and Ldq = diag([L0, L1, L1]). The reference
value i∗q1 is proportional to the torque in this case, whereas max-
imum torque per ampere is obtained by setting i∗d1 equal to zero.
For the other topologies, it is chosen to keep i∗q1 proportional
to the torque, and to control the other iqh and idh to zero. In
other words, torque enhancement by injecting low-order current
harmonics is not studied here.

Fig. 7 shows the simulation results for i∗q1 equal to 7 A, a
mechanical speed N of 700 r/min, a dc-link voltage Vdc of 48 V,
and an update frequency fu of the controller of 50 kHz. As
can be seen in Fig. 7(a), the 15-phase control of the proposed
interleaving strategy indeed leads to a lower q-current ripple
than the 3- and 5- phase control of the conventional interleaving
strategy, for both [p,m] = [5, 3] and [3,5]. The stator current
ripple is almost not affected by the interleaving angle κ. On
average, rms(Δiq1) is equal to 0.4105 A for 3-phase control
([p,m] = [5, 3]), 0.0735 A for 5-phase control ([p,m] = [3, 5]),
and 0.0137 A for 15-phase control ([p,m] = [5, 3] or [p,m] =
[3, 5]). However, the difference between the 5- and 15-phase
control is modest, due to the fact that the seventh harmonic is
not strongly present. Similar conclusions can be drawn from the
WTHD of the phase current ia, which is presented in Fig. 7(b).
The average WTHD(ia) amounts to 0.0133 A for 3-phase con-
trol, 0.0037 A for 5-phase control, and 0.0035 A for 15-phase
control.

It must be noted, however, that for a traditional 3-phase
current controller rms(Δiq1) amounts to only 0.0824 A, and
WTHD(ia) to only 0.0018 A for Vdc = 240 V. With traditional
3-phase controller is meant in this context that five modules are
connected in series to constitute one phase, and that the resulting
three phases are fed by means of a traditional 3-phase 2L-VSI.
The fact that this traditional 3-phase control results in less stator
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Fig. 7. Simulation results for the conventional and proposed interleav-
ing strategy (i∗q1 = 7 A, N = 700 r/min).

Fig. 8. Analytical results for the conventional and proposed interleav-
ing strategy (i∗q1 = 7 A, N = 700 r/min).

current ripple than the five times 3-phase control in which each
module constitutes a phase on its own, can be explained by the
difference in higher order harmonic winding factor. The higher
order harmonic winding factor of the arrangement with one
phase of the 3-phase controller consisting of five modules in
series is lower than for the arrangement in which one module
constitutes one phase.

B. DC-Link Current Ripple Reduction

The analytical results of Fig. 8—which are obtained with the
analytical model introduced in Section V—show how the current
ripple in the dc-link varies with κ ∈ [0, π] for both [p,m] =
[5, 3] and [p,m] = [3, 5]. Symmetrical results are obtained for
κ ∈ [π, 2π]. The parameter rms(Δidc) is computed in the same
way as rms(Δiq1), i.e., according to (10). Under the proposed

Fig. 9. Analytical results for the conventional and proposed interleav-
ing strategy under different operating points for the topology [p,m] =
[5, 3].

interleaving strategy, the reference voltage waveform v∗x con-
tains harmonics h ∈ {1, 3, 5, 7, 9, 11, 13} in order to obtain
WTHD(ia)=0 A for both [p,m] = [5, 3] and [p,m] = [3, 5]. For
[p,m] = [5, 3], v∗x(v) only contains a fundamental component
under conventional interleaving, resulting in a WTHD(ia) of
0.0095 A. For [p,m] = [3, 5] under conventional interleaving,
v∗x also includes a third harmonic component, which decreases
WTHD(ia) to 0.0018 A. The analytical results for rms(Δidc) are
almost identical to the simulation results shown in Fig. 7(c). Both
the analytical and simulated results are obtained for a dc-link
capacitance of 1 mF per module, resulting in a total dc-link
capacitance of 15 mF. A dc-link inductance is not considered;
the dc-link resistance equals 1.5 mΩ. It can be concluded that
both interleaving strategies result in a similar dc-link current
ripple. For [p,m] = [5, 3] the lowest dc-link current ripple is
obtained for κ = 4π/18 or 14π/18 rad. For these optimal
interleaving angles, rms(Δidc) equals 0.1821 A, which is a
reduction of more than 80% compared to the 0.9497 A without
interleaving. For [p,m] = [3, 5], the minimal dc-link current
ripple of 0.1287 A is obtained for κ = 6π/18 or 12π/18 rad,
which is a reduction of 87% compared to the dc-link current
ripple for κ = 0 rad. However, [p,m] = [5, 3] is the preferred
topology, as the decrease in rms(Δidc) is less dependent onκ: for
κ ∈ [3π/18, 15π/18] the waveform of rms(Δidc) in function of
κ remains quite flat. Fig. 9 shows that similar conclusions hold
under different operating points (i.e., different i∗q1 and N ) as
well.

VII. EXPERIMENTAL VALIDATION

To validate the features of the conventional and the proposed
interleaving strategy, both algorithms are implemented on the
FPGA of a dSPACE MicroLabBox. The experiments are con-
ducted on the 4 kW AFPMSM shown in Fig. 10, consisting of 15
modules and with the specifications of Table III. The stator phase
current measurements are obtained from the current transducers
which provide feedback to the controllers at 50 kHz, and are
processed in the MicroLabBox. The dc-link current is measured
at 100 MHz with a Tektronix TCPA300. The experiments are
conducted under N = 700 r/min, i∗q1 = 7 A, fu = 50 kHz,
Vdc = 48 V, and a dead time of 1 µs, unless stated otherwise.
Each converter has its own dedicated 1 mF dc-link capacitor,
but no dc-link inductor. The experiments are conducted for a
[p,m] = [5, 3] topology.
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Fig. 10. IMMD test setup comprises (1) an AFPMSM, with (2) a
dedicated converter per module, each equipped with (3) an electrolytic
dc-link capacitor of 1 mF.

Fig. 11. Experimental results for the conventional and proposed inter-
leaving strategy (i∗q1 = 7 A, N = 700 r/min, [p,m] = [5, 3]).

The performance superiority of the proposed interleaving
strategy with regard to the stator current ripple, is confirmed
by the results shown in Fig. 11(a). The 15-phase control in the
proposed strategy results in a q-current ripple of only 0.1482 A,
which is 44% less than for the 3-phase control of the conven-
tional strategy. The difference in q-current ripple can also be
observed in the step responses of Fig. 12. The WTHD of the
phase current is reduced by more than 50%, as can be seen in
Fig. 11(b). The stator current ripple and WTHD are almost not
affected by the interleaving angle κ.

Fig. 12. Measured step responses for the conventional and proposed
interleaving strategy (κ = 14π/18 rad, N = 700 r/min, [p,m] = [5, 3]).
(a) Conventional interleaving strategy with 3-phase control. (b) Pro-
posed interleaving strategy with 15-phase control.

Fig. 13. Measurement of the dc-link current ripple Δidc = idc − idc
(i∗q1 = 7 A, N = 700 r/min, [p,m] = [5, 3], proposed strategy, idc =

20.1 A).

Fig. 14. Experimental results for the conventional and proposed in-
terleaving strategy under different operating points for the topology
[p,m] = [5, 3].

Fig. 11(c) shows the dc-link current ripple. It is validated
that both interleaving strategies indeed lead to a similar level
of dc-link current ripple, and that for κ ∈ [3π/18, 15π/18] the
waveform of rms(Δidc) in function of κ remains quite flat. For
both interleaving strategies, a dc-link current ripple reduction
of 58% is obtained in comparison with the situation without
interleaving (i.e., κ = 0). This reduction is clearly visible in the
measured dc-link current ripple of Fig. 13 for κ equal to 0 and
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14π/18 rad. The experimental results of Fig. 14 confirm that
similar conclusions hold for other operating points as well.

Thus, the experimental results verified that the proposed in-
terleaving strategy combines the advantages of both multiphase
control and interleaving: the proposed interleaving strategy re-
sults in lower stator current ripple and harmonic distortion than
conventional interleaving, while it preserves its ability to lower
the dc-link current ripple.

VIII. CONCLUSION

The new interleaving strategy proposed in this article was
able to combine the advantageous effects of both traditional
interleaving and multiphase control. The proposed interleaving
strategy allowed to split the n modules into p subgroups of
m modules to reduce the current ripple in the dc-link, while
still maintaining an n-phase control instead of an m-phase
control to eliminate unwanted stator current harmonics. The
performance of the proposed interleaving strategy concerning
dc-link current ripple and stator current harmonic distortion
was compared to the performance under traditional interleaving
by means of simulations for a 4 kW AFPMSM IMMD with
15 modules. Experimental results confirmed that the proposed
interleaving strategy results in a similar dc-link current ripple
reduction as traditional interleaving, hence effectively relieving
the stress on the dc-link capacitor. The fact that the control was
not downgraded from a 15-phase control to a 3-phase control
under the proposed interleaving strategy, results in a decrease
in stator current harmonic distortion compared to the traditional
interleaving strategy. The stator current harmonic distortion was
not affected by the interleaving.
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