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Abstract: The design of space vector control (SVC) systems suitable for flux-weakening operation of permanent magnet
brushless DC machines (PMBDCMs) is presented in this study. The proposed design approach enables overcoming the critical
issues arising from the non-linearities of PMBDCM voltage and torque equations; these issues derive from the trapezoidal
shapes of back-emfs and affect PMBDCM constraint management significantly. The SVCs presented in this study have been
developed within two different synchronous reference frames, both of which enable distinguishing torque and demagnetising
current components clearly. Therefore, reference torque current component is determined in accordance with PMBDCM torque
demand, while reference demagnetising current component is computed through a voltage follower PI regulator, which
processes the voltage deficit detected on the DC-link. In this regard, a novel synchronous reference frame is proposed in this
study, which improves PMBDCM constraint management and results into a wider constant-power speed range, but at the cost of
some torque ripple. The enhanced performances achievable by SVC approaches are highlighted by numerical simulations,
which regard the comparison among the SVCs and an SVC with no flux-weakening capability, at different operating conditions.

 Nomenclature
u,v,w phases of stator winding
x, y, z incoming, non-commutating and outcoming phases
σ sign variable
%, ̅ mod operator, conjugate operator
αβ stationary reference frame
dq synchronous reference frame
ft, φτ novel synchronous reference frames
γ, δ transformation vectors (αβ–ft)
γ~, δ

~ transformation vectors (αβ–φτ)
xn rated value of x
x̠, x̑ average value of x, maximum/peak value of x
v, v~ voltage and auxiliary voltage vectors
i, e current and back-emf vectors
I, E current and back-emf magnitudes
r phase resistance
L synchronous inductance
p number of pole pairs
Λ equivalent flux linkage due to PMs
ϑ, ω electric rotor position, electric rotor speed
ϑm, ωm rotor position, rotor speed
ϑpu, ωpu per-unit rotor position and speed
Te, Pm electromagnetic torque and power
ψφτ torque corrective factor
VDC DC-link voltage
ξ L-based emf vector
CTP Te and Pm limitation constraint
Ci current limitation constraint
CV voltage saturation constraint
ς, ρ centre and radius of CV

1 Introduction
Permanent magnet brushless DC machines (PMBDCMs) have been
usually considered for low-performance applications mostly [1]; in
this regard, they are quite cheap to manufacture and simple to

control, especially as far as the well-known current commutation
control is concerned. Consequently, large PMBDCM torque ripple
has been widely and usually accepted because high-performance
applications have relied on vector-controlled permanent magnet
brushless AC machines (PMBACMs). However, PMBDCMs show
great potentialities, especially in terms of higher torque density and
reduced Joule losses compared to PMBACMs [2, 3]. Therefore,
PMBDCM may be suitable also for high-performance applications,
such as distributed power generation and electric propulsion
systems [4–8], but on condition that advanced control algorithms
are employed; this is not the case of conventional current
commutation controls, which are characterised by high torque
ripple and narrow speed range.

In the context of PMBDCM advanced management and control
strategies, a number of different control approaches have been
proposed [9–30]. Some of these focus on improving conventional
current commutation control [15–20], e.g. by carrying out current
commutation in advance [17, 18] or by varying DC-link voltage
suitably [19, 20]. The application of direct torque control has been
also investigated [21, 22], together with various vector control
systems [23–30]. Most of these research efforts have been focused
on suppressing or reducing PMBDCM torque ripple due to current
commutation, but enhancing PMBDCM flux-weakening capability
has been sometimes also consider [16–18, 23, 29]. In this regard,
the space vector control (SVC) presented in [25] is based on a
novel ft reference frame, which enables identifying torque and
demagnetising current components clearly. Consequently,
PMBDCM torque and flux-weakening operation needs can be
satisfied simultaneously, resulting in enhanced performances
compared to conventional current commutation control approaches
[25]. However, the SVC proposed in [25] does not exploit any
flux-weakening capability because the demagnetising current
component is held constant at zero at any PMBDCM operating
condition.

In the view of developing a flux-weakening control strategy
suitable for PMBDCM, reference can be made to the several flux-
weakening approaches proposed in the literature, which can be
classified as pure electric or design-based methods [31]. The
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former consists in injecting a demagnetising current at high speed
operation, even by means of auxiliary DC windings. Pure electric
methods can be split further into feed-back, feed-forward and
combined approaches [32, 33]. Feed-back methods [34–38] are
quite robust against parameter variations and uncertainties at the
cost of limited dynamic performances; this is because they
synthesise the reference demagnetising current through a PI
regulator, which can be alternatively fed by voltage or current
errors. Enhanced dynamic performances are instead guaranteed by
feed-forward approaches [39–44], which rely on appropriate look-
up tables and/or predictive control systems. However, increased
dynamic performances come at the cost of high sensitivity to
parameter variations and uncertainties. Combined methods [44, 45]
attempt to incorporate the advantages of both feed-back and feed-
forward methods by employing advanced but more complex
control algorithms.

Among the several flux-weakening approaches above-
mentioned, feed-back methods seem the most appropriate for
PMBDCM as they should not suffer from modelling
simplifications excessively; the latter are required by the non-
linearities characterising the PMBDCM voltage equation, even in
the ft synchronous reference frame [25]. Therefore, a
demagnetising current loop has been designed in [46] by means of
a voltage follower PI regulator [34]; the latter processes the voltage
deficit detected on the DC-link at the aim of determining the most
suitable reference demagnetising current profile beyond the rated
speed. Hence, in [46], a flux-weakening SVC (FW-SVC) is applied
for driving the high-speed PMBDCM designed in [47], in
comparison with a conventional current commutation control and
with the SVC already proposed in [25]. However, although the
FW-SVC proposed in [46] shows improved performances
compared to the other two PMBDCM control approaches in terms
of both constant-power speed range (CPSR) and maximum speed,
the latter are still quite far from the targets foreseen in [47]. In
particular, a CPSR of about 3.3 and a maximum speed of 100 krpm
are expected, whereas those achieved by the FW-SVC proposed in
[46] are about 1.75 and 57 krpm, respectively. If maximum speed
could be increased by lightening the load torque appropriately, the

same does not go for CPSR, which cannot be expected to increase
significantly. As a result, still unsatisfactory PMBDCM
performances have been achieved, even resorting to an advanced
FW-SVC system.

In this context, an alternative FW-SVC is proposed in this paper
at the aim of extending both CPSR and maximum speed of
PMBDCM. In particular, a novel φτ reference frame is defined in
order to achieve a more effective PMBDCM constraint
management, especially in terms of voltage saturation. This goal is
achieved at the cost of some torque ripple, which is instead
prevented by using the FW-SVC proposed in [46]. For this reason,
a detailed analysis of both these FW-SVCs is presented in this
paper, by highlighting their most important advantages and
drawbacks. Subsequently, PMBDCM performance assessment is
carried out through a simulation study, whose results are presented
and discussed extensively. In particular, simulations refer to the
high-speed PMBDCM designed in [47], which is driven by SVC
and by both the FW-SVCs alternatively for comparison purposes.

The paper is structured as follows: PMBDCM mathematical
modelling is presented in Section 2; the ft and the novel φτ
synchronous reference frames are presented in Section 3, together
with the corresponding PMBDCM operating constraint analyses;
PMBDCM control system design is resumed briefly in Section 4;
simulation results are presented and discussed extensively in
Section 5; concluding remarks are given in Section 6.

2 PMBDCM mathematical modelling
Considering the ideal back-emf evolutions of a three-phase
PMBDCM shown in Fig. 1, the discontinuities occurring on the
variation of each back-emf profile prevent the setup of a
PMBDCM mathematical model within the overall electrical period. 
Consequently, the latter should be split into six different sectors (I–
VI), within which just one back-emf varies linearly with ϑ, while
the others two are constant at maximum and minimum values.
Hence, by referring to a generic operating sector, incoming (x),
non-commutating (y) and outcoming (z) phases can be
distinguished clearly; particularly, {x, y, z} denote the phases
whose back-emf stops varying (x), does not vary (y) and starts
varying (z), as pointed out in Table 1 [10]. This table also accounts
for a proper sign variable (σ), which is positive and negative within
odd and even sectors, respectively. Hence, assuming a floating
neutral point of the PMBDCM star-connected winding, voltage
equation can be expressed as

v = r i + L di
dt + e (1)

where r and L are the phase resistance and the synchronous
inductance, respectively, while v and i are the phase voltage and
current vectors, respectively,

v =
vx

vy

vz

, i =
ix
iy
iz

. (2)
Fig. 1  Evolutions of the PMBDCM back-emfs (eu, ev and ew) with the
electrical rotor position (ϑ), together with the corresponding operating
sectors (I–VI)

 

Table 1 PMBDCM operating sectors
Sector Electrical rotor position range Three-phase terminals σ

u v w
I 1

6 π ≤ ϑ < 1
2 π x y z + 1

II 1
2 π ≤ ϑ < 5

6 π y z x −1

III 5
6 π ≤ ϑ < 7

6 π z x y + 1

IV 7
6 π ≤ ϑ < 3

2 π x y z −1

V 3
2 π ≤ ϑ < 11

6 π y z x + 1

VI 11
6 π ≤ ϑ, ϑ < 1

6 π z x y −1
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Regarding e appearing in (1), it represents the back-emf vector due
to permanent magnets and it can be expressed as

e = σE
1

−1
1 − 2ϑpu

, E = pωmΛ (3)

in which E is the back-emf magnitude that depends on rotor speed
(ωm), number of pole pairs (p) and on flux linkage due to
permanent magnets only (Λ). In addition, ϑpu is a suitable per-unit
position variable that can be computed in accordance with the
following relationship:

ϑpu = 3
π ϑ − 1

2 %1, ϑpu ∈ 0, 1 (4)

where % denotes the mod operator that provides just the fractional
part of the division by one.

As far as SVC systems are to be developed, (1) can be
expressed in terms of voltage and current space vectors in the αβ
stationary reference frame by applying the well-known Clarke
transformation, leading to

vαβ = riαβ + L
diαβ
dt + eαβ . (5)

Therefore, the electromagnetic torque can be determined as

Te = 3
2

1
ωm

ℜ eαβ ⋅ īαβ . (6)

Based on (3), eαβ appearing in both (5) and (6) is

eαβ = j4
3E 1 − ϑpu + ϑpu

2 ⋅ γ (7)

where

γ = − σ
2

1
1 − ϑpu + ϑpu

2 3 1 − ϑpu + j 1 + ϑpu . (8)

Therefore, substituting (7) and (3) into (6) yields

Te = 2pΛ 1 − ϑpu + ϑpu
2 ⋅ ℑ γ̄ ⋅ iαβ . (9)

The development of suitable PMBDCM flux-weakening control
strategies requires that reference torque Te

∗  and current vector iαβ
∗

must comply with all PMBDCM operating constraints. In
particular, Te

∗  is constrained by both electromagnetic torque and
power limitations, respectively, as

Te
∗ ≤ Te, n, Te

∗ ⋅ ωm ≤ Te, n ⋅ ωm, n (10)

in which rated values are denoted by the subscript ‘n’.
Furthermore, iαβ

∗  must comply with both current limitation and
voltage saturation; the former constraint consists of limiting the
average magnitude of the current vector in each PMBDCM
operating sector. Therefore, denoting by Ȋ the maximum current
allowed over conventional current commutation controls, the
following relationships hold:

iαβ
∗ 2 ≤ 4

3 ⋅ I
⌢2, iαβ

∗ 2 = ∫
0

1

iαβ
∗ 2dϑpu (11)

in which the operator ‘_’ provides the average value within each
operating sector, as highlighted in (11). Regarding voltage
saturation, it generally consists of limiting the magnitude of the
voltage vector in accordance with the following relationship:

vαβ ≤ VDC
3 (12)

in which VDC is the DC-link voltage. Therefore, starting from (5)
and (9), it is possible to develop suitable PMBDCM current control
strategies that enable flux-weakening operation by complying with
(10)–(12) simultaneously, as detailed in the following section.

3 PMBDCM synchronous reference frames
Considering (5), (7) and (9), it is reasonable to state that the αβ
stationary reference frame is not suitable for developing an
effective space vector control for PMBDCM; this is due to the fact
that both eαβ and Te depend on ϑpu, which varies significantly
within each operating sector. Consequently, the management of
PMBDCM operating constraints and the design of any current
control loop in the αβ stationary reference frame would be critical
tasks and weakly effective. Both these goals can be instead
achieved by referring to suitable synchronous reference frames, as
pointed out in the following subsections.

3.1 ft synchronous reference frame

The ft synchronous reference frame, which has been presented
firstly in [25], makes Te independent from ϑpu, thus enabling the
design of effective current control loops that minimise torque
ripple. The ft synchronous reference frame enables also a fair flux-
weakening capability, as pointed out in [46]. The relationships
between space vectors in the αβ and ft reference frames are
expressed in the following equation:

d f t = δ ⋅ dαβ

dαβ = γ ⋅ d f t
, d ∈ v, i, e (13)

where

δ = σ
2 − 3 1 − ϑpu + j 1 + ϑpu , δ ⋅ γ = 1. (14)

Therefore, by combining (13) with (5) and (9), voltage and torque
equations become, respectively,

v f t = r + ωpuLξ f t i f t + L
di f t
dt + e f t (15)

Te = 2pΛ ⋅ it (16)

in which ωpu is the time derivative of ϑpu and it can be computed as

ωpu = 3
π pωm = 3

π pω . (17)

Furthermore, ξft and eft are expressed, respectively, as

ξ f t = 1
2

1
1 − ϑpu + ϑpu

2 1 − 2ϑpu + j 3

e f t = j4
3E 1 − ϑpu + ϑpu

2 .
(18)

Hence, (16) reveals that the PMBDCM torque does not depend
directly on ϑpu further and it is proportional to just the t current
component; this is the most important advantage of moving into
the ft reference frame, in which the torque can be held constant at
Te

∗  simply by driving it to the corresponding reference value it∗ .
Whereas i f

∗  can be held constant at zero in order to not increase
Joule losses unsuitably; alternatively, i f

∗  can be set in accordance
with flux-weakening operation needs in order to extend CPSR
properly. In this regard, it is worth noticing that this control
strategy is the same widely employed for PMBACM, as pointed
out in [46]; in particular, the Park transformation is generally
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applied to PMBACMs for moving from stationary to dq
synchronous reference frame; as a result, Te is driven by means of
iq only, while id can be injected suitably in accordance with flux-
weakening operation needs.

In order to define the reference current profile in the ft
synchronous reference frame, PMBDCM operating constraints
must be considered and expressed in terms of equivalent current
constraints. Therefore, by combining (13) with (10), torque and
power limitations can be expressed as

it∗ ≤ In ⋅ min 1, ωm, n
ωm

, In = Te, n
2pΛ . (19)

Considering now current limitation, combining (13) with (11) and
assuming i f t

∗  constant at steady-state operation yields

γ 2 i f t
∗ 2 ≤ 4

3 ⋅ I
⌢2, γ 2 = 2

3
π
3 . (20)

Consequently, the following relationship holds:

i f t
∗ 2 ≤ I

⌢
f t
2 , I

⌢
f t
2 = 2 3

π I
⌢2 . (21)

Regarding voltage saturation, combining (13) with (12) leads to

v f t ≤ δ
VDC

3 . (22)

Furthermore, by substituting (15) into (22) and still assuming to be
at steady-state operation (ift = i f t

∗  = const.), the corresponding
equivalent current constraint is

i f t
∗ − ς f t ≤ ρ f t (23)

in which

ς f t = − e f t
r + ωpuLξ f t

, ρ f t = δ
r + ωpuLξ f t

VDC
3 . (24)

All the equivalent current constraints just introduced can be drawn
on the (if, it) plane, as shown in Fig. 2. Considering torque and
power limitations at first (CTP), these define a plane region
bounded by two straight lines, symmetrically displaced with
respect to the if axis. These lines do not change when the rotor

speed is lower than the rated value, as highlighted in (19); this
means that torque limitation constrains it more than the power
limitation at low speed operation, whereas the opposite occurs
beyond the rated speed. Regarding the current limitation (Ci), it
consists of a circle of radius Ȋft and centred in the origin at any
PMBDCM operating condition. Different considerations go for
voltage saturation (CV), whose shape and position depend on both
rotor speed and ϑpu in accordance with (24) and (18). In particular,
CV consists of multiple circles, whose radius and centre vary
significantly within each PMBDCM operating sector, even at
constant rotor speed, as highlighted in Fig. 2. This introduces
additional issues in PMBDCM control system design compared to
PMBACM, for which CV consists of a single circle for any rotor
position value. Therefore, suitable assumptions and considerations
are advisable in order to make CV not dependent on ϑpu, as well as
for enabling proper flux-weakening operation, as pointed out in
Section 4.

3.2 φτ synchronous reference frame

One of the main drawbacks of the ft synchronous reference frame
consists of a non-isometric transformation from the αβ stationary
reference frame and vice versa. This means that magnitudes of ft
voltage and current vectors are weighted by |δ|, which varies with
ϑpu in accordance with the following relationship:

δ = 1 − ϑpu + ϑpu
2 . (25)

This does not represent a critical issue for managing current
limitation constraint as far as average values are concerned, as
pointed out in (20) and (21). However, voltage saturation constraint
is affected noticeably by (25), as highlighted by (24); in particular,
CV radius varies significantly within each operating sector,
together with CV centre. Consequently, although torque and power
management benefits from the ft synchronous reference frame,
managing voltage saturation constraint effectively is still a difficult
task in this synchronous reference frame, may resulting in weak
PMBDCM flux-weakening capability.

Based on the previous considerations, a novel φτ synchronous
reference frame, which is alternative to the ft synchronous
reference frame, is presented in this study. It is still based on (13)
but aims at preserving the magnitude of voltage and current space
vectors suitably, leading to the following relationships:

dφτ = δ
~ ⋅ dαβ

dαβ = γ~ ⋅ dφτ
, d ∈ v, i, e (26)

where

δ
~ = δ

δ , γ~ = γ
γ = δ ⋅ γ . (27)

Consequently, by combining (26) with (5) and (9), voltage and
torque equations in the φτ synchronous reference frame become

vφτ = r + ωpuLξφτ iφτ + L
diφτ
dt + eφτ (28)

Te = 2pΛ ⋅ iτ ⋅ 1 − ϑpu + ϑpu
2 (29)

in which

ξφτ = j 3
2

1
1 − ϑpu + ϑpu

2 , eφτ = j4
3E 1 − ϑpu + ϑpu

2 . (30)

Focusing on voltage equation at first, the comparison between (28)
and (15) highlights no detectable differences; these are revealed by
comparing (30) to (18), namely ξφτ presents just the imaginary
component compared to ξft, while the dependence of eφτ on ϑpu is

Fig. 2  Equivalent current constraints of PMBDCM on the (if, it) plane, in
which CV is drawn for different ϑpu values (0, 0.25 and 0.75)
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lightened by the square root operator compared to eft. Both these
considerations suggest that the φτ synchronous reference frame
may be more suitable than the ft synchronous reference frame in
terms of voltage saturation management and, thus, flux-weakening
capability. However, these potential benefits come at the cost of
restoring the dependence of Te on ϑpu, as easy detectable by
comparing (29) to (16); this means that unsuitable torque ripple
occurs at steady-state operation (iφτ =  iφτ

* = const.), which is
assessable in about 15% in accordance with the evolution of (25)
within each PMBDCM operating sector. In addition, assuming iτ
constant, this torque ripple affects the average torque achievable in
the φτ synchronous reference frame in accordance with the
following relationship:

Te
φτ = ∫

0

1

Te iτ = cnst .dϑpu = 2pΛ ⋅ iτ ⋅ ψφτ (31)

in which

ψφτ = ∫
0

1

1 − ϑpu + ϑpu
2 dϑpu = 3

8ln 3 + 1
2 ≅ 0.912. (32)

Therefore, in order to guarantee the same average torque in both
the ft and the φτ synchronous reference frames, the reference τ
current component should be computed as

iτ∗ = it∗

ψφτ
. (33)

Based on all the previous considerations, it is possible to carry out
the analysis of the PMBDCM operating constraints on the novel φτ
synchronous reference frame. In particular, by substituting (33)
into (19), torque and power limitation constraints become

iτ∗ ≤ In
φτ ⋅ min 1, ωm, n

ωm
, In

φτ = In
ψφτ

. (34)

While current limitation constraint can be easily achieved from
(11) due to the isometric transformation defined by (26), leading to

iφτ
∗ 2 ≤ 4

3 ⋅ I
⌢2 . (35)

The same goes also for voltage saturation constraint expressed by
(12), which becomes

vφτ ≤ VDC
3 . (36)

Therefore, substituting (28) into (36) and assuming to be at steady-
state operation (iφτ = iφτ

∗  = const.), the equivalent current constraint
is

iφτ
∗ − ςφτ ≤ ρφτ (37)

in which

ςφτ = − eφτ
r + ωpuLξφτ

, ρφτ = 1
r + ωpuLξφτ

VDC
3 . (38)

The PMBDCM operating constraints on the (iφ,iτ) plane are
depicted in Fig. 3. The comparison between this figure and Fig. 2
reveals the same shapes of all the constraints, as expected.
However, although CV still corresponds to multiple circles, these
seem less variable with ϑpu in terms of both radius and centre. This
is also proved by the fact that the same CV is achieved at ϑpu and
1–ϑpu; as a result, much less area is ‘swept’ by CV on the (iφ, iτ)
plane when ϑpu varies within [0,1) compared to what occurring in
the (if, it) plane. Therefore, the PMBDCM operating region on the
(iφ, iτ) plane seems more regular than on the (if, it) plane, which
results in a more effective PMBDCM voltage saturation
management at high speed operation.

4 PMBDCM control system design
Based on (15) and (16) or, alternatively, on (28) and (31), it is
possible to design a suitable FW-SVC for PMBDCM in the ft or φτ
synchronous reference frame. In particular, two main stages can be
identified and carried out sequentially: the first stage consists of
setting the most suitable reference current profile (i f t

∗  or iφτ
∗ ) in

accordance with PMBDCM operating constraints and torque
demand (Te

(re f )). Once the reference currents have been set, they
must be tracked through proper current control loops, which
represent the second stage of the control system. The two stages of
FW-SVC are shown in Figs. 4 and 5 and detailed in the following
subsections, together with the general overview of the proposed
control scheme (Fig. 6). 

4.1 Stage one: reference current setup

Denoting by pq the generic synchronous reference frame, in which
pq corresponds to either ft or φτ alternatively, the reference current

Fig. 3  Equivalent current constraints of PMBDCM on the (iφ, iτ) plane, in
which CV is shown for different ϑpu values (0, 0.25, 0.5, and 0.75)

 

Fig. 4  The reference currents control block, in which (pq) denotes (ft) or
(φτ) alternatively and kpq can be derived easily from either (16) or (31)

 

Fig. 5  pq current loops control block, in which (pq) denotes (ft) or (φτ)
alternatively and FFC means feed-forward compensation
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vector must be synthesised properly by considering the influence of
each PMBDCM operating constraint on ip

∗  and iq∗, as highlighted in
Fig. 4. In particular, voltage saturation constraint should affect only
ip

∗  directly, because the p current component exhibits inherent flux-
weakening capability and it is not subjected to any torque or power
constraint. Therefore, a voltage follower PI-based control loop can
be designed so that appropriate flux-weakening operation can be
assured at any operating condition [34]. However, this task requires
coping with the dependence of the voltage saturation constraint on
ϑpu, as pointed out and discussed briefly in the previous Section 3.

Hence, referring to the ft synchronous reference frame at first,
the DC-link voltage required by PMBDCM at steady-state
operation can be computed in accordance with (22) and (15) as

VDC, f t
∗ = 3 γ v f t

∗ , v f t
∗ = r + ωpuLξ f t i f t

∗ + e f t . (39)

However, even if i f t
∗  and ωm are constant, both ξft and eft vary with

ϑpu, as highlighted by (18). Consequently, VDC, f t
∗  also varies with

ϑpu, revealing itself as an unsuitable variable for i f
∗  computation

purposes. Nevertheless, since voltage saturation constraint must be
satisfied at any operating condition, just the peak value of VDC, f t

∗

within each operating sector can be considered for determining i f
∗;

this value does not depend on ϑpu and can be determined in
accordance with the following relationship:

V
⌢

DC, f t
∗ = max

0 ≤ ϑpu < 1
VDC, f t

∗ . (40)

As a result, the voltage follower PI regulator can process the error
between the rated DC-link voltage (VDC, n

f t ) and V
⌢

DC, f t
∗  for

synthesising i f
∗ , as highlighted in Fig. 4. In this regard, VDC, n

f t  is a
constant value that can be computed as

VDC, n
f t = V

⌢
DC, f t
∗

i f
∗ = 0, it∗ = In, ωm = ωm, n . (41)

Similar considerations go for the synthesis of the reference current
profiles in the φτ synchronous reference frame, although some
differences occur. In particular, (39)–(41) are replaced by the
following relationships:

VDC, φτ
∗ = 3 vφτ

∗ , vφτ
∗ = r + ωpuLξφτ iφτ

∗ + eφτ (42)

V
⌢

DC, φτ
∗ = max

0 ≤ ϑpu < 1
VDC, φτ

∗
(43)

VDC, n
φτ = V

⌢
DC, φτ
∗

iφ∗ = 0, iτ∗ = In
φτ , ωm = ωm, n . (44)

Hence, different maximum voltage demand and rated DC-link
voltage are concerned in the ft and φτ synchronous reference
frames, which result in different flux-weakening capability.

Regardless of the specific synchronous reference frame, it is
worth highlighting that ip

∗  has to be determined not only in
accordance with voltage saturation constraint, but also with the

current limitation constraint. In this regard, although current
limitation constrains ip

∗  and iq∗ equally, the achievement of ip
∗  should

be always prioritised over iq∗ because it is preparatory for achieving
proper PMBDCM performances at high speed operation. Once ip

∗

has been computed, iq∗ can be determined based on Te
(re f ) by

complying with either (19) and (21) or (34) and (35) sequentially,
as still highlighted in Fig. 4. In particular, since iq∗ depends on Te

(re f )

primarily and ip
∗  does not contribute to neither torque nor power

delivered by PMBDCM, the torque and power limitation
constraints affect only iq∗ directly.

In conclusion, it is worthy of note that the gains of the voltage
follower PI regulator should be set carefully whatever the chosen
synchronous reference frame is. This is because relatively high
gain values may be desirable for achieving fast p current injection
as soon as any DC-link voltage deficit is detected. However,
voltage deficits do not always correspond to flux-weakening needs
as they occur also during PMBDCM dynamic operations; in those
cases, relatively low gain values should be desirable in order to
prevent p current injections that increase Joule losses without
bringing any benefit. Consequently, a suitable trade-off between
flux-weakening capability and proper PMBDCM dynamic
operation must be assured.

4.2 Stage two: current loops

The second stage of FW-SVC is devoted to ensure a proper
reference current tracking; for this purpose, a PI-based control
system can be employed, as shown in Fig. 5 and already pointed
out in [25]. In particular, this control system can be designed based
on the following auxiliary voltage vector:

v~pq = vpq − ωpuLξpq ⋅ ipq + epq , pq ∈ f t, φτ . (45)

The combination of (45) with either (15) or (28) yields

v~pq = ripq + L
dipq
dt , pq ∈ f t, φτ . (46)

As a result, both PI regulators can be designed based on (46) in
order to achieve the desired current dynamic performances.

Once v~pq has been determined, vpq can be computed in
accordance with (45) and it can be made compliant with the
voltage saturation constraint. Furthermore, the unsaturated voltage
vector concurs to determine V

⌢
DC, pq
∗  in accordance with either (39)

or (42). Among all the VDC, pq
∗  values collected within each

operating sector, the maximum one represents V
⌢

DC, pq
∗  in

accordance with either (40) or (43); this value is updated
periodically and feed back to the reference currents block because
it is necessary for determining ip

∗ , as pointed out in the previous
subsection.

4.3 Control system general overview

The general overview of the proposed FW-SVC is shown in Fig. 6.
In particular, {iu, iv, iw} is converted into the corresponding {x, y,
z} and, then, into pq current components; meanwhile, reference
current components can be determined based on the chosen control
strategy, which may address flux-weakening operation issue. Once
the reference currents have been set and the corresponding actual
current values have been available, current tracking can be assured
by two control loops with the aim of synthesising the most suitable
voltage space vector. This is then converted from the pq
synchronous to the {u, v, w} reference frame and, in turn, into the
most suitable PWM pattern for driving the DC/AC converter that
supplies the PMBDCM.

In conclusion, it is worth highlighting that the proposed
PMBDCM control structure is very similar to that usually
employed for PMBACM. However, in spite of many similarities,
the synthesis of the reference current profile in the generic pq
synchronous reference frame and the design of the corresponding

Fig. 6  General overview of the proposed FW-SVCs, in which iph denotes
the (iu, iv, iw) current vector and (pq) denotes (ft) or (φτ) alternatively
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current control loops require additional assumptions for PMBDCM
compared to PMBACM; this is due to the non-linearities of (15)
and, to a less extent, of (28), which suggest employing either (40)
or (43) instead of the actual magnitude of the voltage vector, as
usually occurs for PMBACM.

5 Simulations
5.1 Simulation setup

A simulation study has been carried out in the MATLAB–Simulink
environment at the aim of assessing the effectiveness of the
proposed FW-SVC designed on the novel φτ synchronous reference
frame. Therefore, reference is made to the high-speed PMBDCM
presented in [47], which requires a very wide CPSR and, thus,
represents an ideal case study for testing flux-weakening capability
of the proposed control system. An overview of the overall
simulation setup is shown in Fig. 7; the PMBDCM, whose main
parameters are resumed in Table 2, is supplied by an energy storage
system through a three-phase DC/AC converter. Due to the very
high target maximum speed of the PMBDCM (100 krpm), the
converter switching frequency has been set at about 80 kHz.
Furthermore, the rated voltage of the energy storage system has
been set at 720 V; this value is fairly greater than VDC, n

( f t)  (about 640 
V) in order to ensure some voltage reserve for PMBDCM dynamic
operation only. However, it is worth noting that VDC, n

(φτ)  (about 540 
V) is much lower than VDC, n

( f t) , revealing the benefit of using the φτ
synchronous reference frame in terms of PMBDCM voltage
management, but at the cost of increased torque ripple.

Simulation study regards three different versions of PMBDCM
space vector control for comparison purposes: the SVC proposed in
[25], the SVC designed into the ft synchronous reference frame
(FW-SVC-ft) [46] and the SVC designed into the φτ synchronous
reference frame proposed in this study (FW-SVC-φτ). All these
control systems share the same control structure, namely that
shown in Fig. 6 and described in detail in the previous section.
However, SVC holds the reference f current component constant at
zero at any operating condition; this does not occur with either FW-
SVC-ft or FW-SVC-φτ, which share the same control structure but
differ for the specific functions implemented. Conventional current
commutation control, which has been used as a benchmark in both
[25, 46], is not considered in this study due to its weak
performances, especially at high speed operation.

All the control algorithms considered for simulation share the
same current dynamic performances, namely the bandwidth of each
current PI regulator has been set at 20 kHz. Similarly, the sampling
time interval has been chosen always equal to 12.8 µs. It is
assumed also that relatively high-resolution values of both ϑ and ω
are available; these could be provided either by a high-resolution
position sensor or by resorting to an appropriate sensorless
algorithm.

Simulations refer to a PMBDCM start up at first, in
correspondence of which the reference torque is set at Te,n; while
the load torque has been set so that a steady-state speed value equal
to the rated one should be reached. Subsequently, at 0.1 s, the load
torque is suddenly decreased in order to achieve a higher steady-
state speed value (1.5 times ωm,n). The load torque is decreased
again at 0.2 s in order to enable the achievement of a steady-state
speed value of 3 times ωm,n, which is very close to the PMBDCM
maximum speed. As a result, the performances achievable by SVC,
FW-SVC-ft and FW-SVC-φτ can be assessed at different operating
conditions, by highlighting their most important strengths and
weaknesses.

5.2 Simulation results

Simulation results are summarised in Figs 8-9; all of them are
shown in per unit, namely each quantity has been normalised by
means of the corresponding base value shown in Table 3. 
Considering PMBDCM start-up, it can be seen that SVC and FW-
SVC-ft perform in the same way because no f current component is
needed below the rated speed. Therefore, t current component is
driven in accordance with the reference torque demand, while if is
held constant at zero. Worse performances in terms of torque ripple
are achieved by FW-SVC-φτ, as expected and well highlighted in
Fig. 8. However, Fig. 9 reveals that PMBDCM voltage demand is
significantly reduced by FW-SVC-φτ compared to the other two
control schemes (from 1.0 to 0.8 pu), while current demand is
almost the same in all cases.

This means that FW-SVC-φτ is the most suitable control
algorithm in terms of PMBDCM voltage saving, as foreseen during
the design stage.

Considering now the evolutions achieved after the first load
drop (0.1–0.2 s), constant-power operation is somehow assured in
all cases, but some differences occur. First of all, PMBDCM
voltage demand achieved by SVC increases unsuitably, far beyond
the DC-link voltage due to the lack of any flux-weakening
capability (Fig. 9). As a result, torque ripple occurs (Fig. 8), which,
however, does not prevent the achievement of the target speed (1.5 
pu), as well as PMBDCM constant-power operation. Furthermore,
if and iφ are held constant at zero almost successfully, as shown in
Figs. 10 and 11; this enables PMBDCM current demand to
decrease properly in accordance with PMBDCM constant-power
operation, as shown in Fig. 9.

However, these performances come at the cost of using the DC-
link voltage reserve at steady-state operation, which should be
instead employed during dynamic operation only.

Still referring to the first load drop, enhanced performances are
achieved by FW-SVC-ft compared to SVC, as expected. In
particular, as soon as the speed overcomes the rated value, an
increasing DC-link voltage deficit is detected, thus a corresponding
negative f current component is injected. Consequently, PMBDCM

Fig. 7  Simulation setup: a three-phase PMBDCM supplied by an energy
storage system through a DC/AC converter, which is driven by SVC or FW-
SVC alternatively

 

Table 2 High-speed PMBDCM parameter and rated values
r L p Λ Te,n ωm,n

value 11 546 1 0.0589 12.7 30
unit mΩ µH — Vs Nm krpm
 

Table 3 Simulation base values
Te,b ωm,b Pm,b Ib Vb

value 12.7 30 39.9 107.83 639.86
unit Nm krpm kW A V
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voltage demand increases at first due to the delayed response of the
voltage follower PI regulator, but it is soon restored at the
corresponding rated value as shown in Fig. 9. The latter reveals
also that PMBDCM current demand decreases and then increases,
by reaching a steady-state value slightly greater than the rated one;
this is because the reduction of it due to constant-power operation
is less and, then, more than compensated by the if injection. Such

negative if values enable FW-SVC-ft to keep PMBDCM voltage
demand within VDC, which does not occur by SVC. As a result,
torque ripple is minimised to the maximum extent because the
frequent drops of it occurring with SVC due to the significant DC-
link voltage deficit are avoided at the cost of slightly increasing
PMBDCM current demand. Furthermore, FW-SVC-ft preserves
DC-link voltage reserve properly.

Still focusing on the first load drop, FW-SVC-φτ achieves
worse performances than SVC and, especially, than FW-SVC-ft in
terms of torque ripple (Fig. 8), but much better performances in
terms of both voltage and current demands (Fig. 9). In particular,
voltage demand is kept at about 80% of that required by FW-SVC-
ft; this is possible by injecting an appropriate φ current component,
as shown in Fig. 11. In this regard, it is worth noting that,
differently from FW-SVC-ft, the reduction of iτ due to constant-
power operation is always less than compensated by the iφ
injection required by FW-SVC-φτ; this leads to a much lower
current demand and, thus, increased efficiency achieved by FW-
SVC-φτ. However, this efficiency is still worse than that
achievable by SVC, which does not account for any f or φ current
component but at the cost of using DC-link voltage reserve
unsuitably.

At 0.2 s a further load drop is imposed in order to force the
PMBDCM to achieve a very high steady-state speed value (3.0 pu).

Fig. 8  Evolutions of torque (black), power (green) and speed (orange) achieved by SVC (on the left), FW-SVC-ft (in the middle) and FW-SVC-φτ (on the
right): y-axis of torque and power is on the left, while y-axis of speed is on the right

 

Fig. 9  Voltage (blue) and current (red) demand achieved by SVC (on the left), FW-SVC-ft (in the middle) and FW-SVC-φτ (on the right), together with VDC

(black), VDC, n
( f t)  (blue), VDC, n

(φτ)  (light blue) and Ȋ (pink) thresholds
 

Fig. 10  if (red) and it (blue) achieved by SVC (on the left), FW-SVC-ft (in the middle) and FW-SVC-φτ (on the right)
 

Fig. 11  iφ (red) and iτ (blue) achieved by SVC (on the left), FW-SVC-ft (in the middle) and FW-SVC-φτ (on the right)
 

Fig. 12  Torque–speed evolutions achieved by SVC (red), FW-SVC-ft
(orange) and FW-SVC-φτ (green), together with the PMBDCM load torque
(dashed black)
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However, only FW-SVC-φτ is able to drive the PMBDCM
successfully to this target, whereas both SVC and FW-SVC-ft
highlight inherent limitations in terms of CPSR and maximum
speed, as shown in Fig. 12 and Table 4.

In particular, SVC guarantees a CPSR of about 1.6 pu, beyond
which reduced power operation occurs due to the excessive
PMBDCM voltage demand. Consequently, torque and current
demand drop significantly and a maximum speed of about 1.7 pu is
achieved. Furthermore, small but positive f and φ current
components arise, which are totally unsuitable in terms of both
Joule losses and flux-weakening operation purposes.

Better performances are achieved by FW-SVC-ft, namely CPSR
is extended from 1.6 pu to about 1.95 pu; however, beyond this
speed value, f current component cannot decrease further due to
current limitation constraint, as highlighted in Fig. 9.
Consequently, reduced power operation occurs, over which a
maximum speed of 2.34 pu is achieved. Much improved
performance is obtained by FW-SVC-φτ, which is able to assure
constant-power operation up to the target speed value, as well
highlighted in both Figs. 8 and 12 and summed up in Table 4. Such
enhanced capabilities are due to the relatively low current demand
required by φ current component injection, especially if compared
to FW-SVC-ft. Furthermore, the PMBDCM voltage demand is still
kept at about 0.8 pu; this means that FW-SVC-φτ enables both
voltage and current saving compared to FW-SVC-ft, resulting in
extended CPSR and increased efficiency at the cost of higher
torque ripple. Furthermore, the DC-link voltage could be decreased

from 720 to 600 V safely because no effect would be determined
on FW-SVC-φτ steady-state performances.

In conclusion, reference is made to steady-state back-emf and
current evolutions achieved by SVC, FW-SVC-ft and FW-SVC-φτ
at about 0.1, 0.2 and 0.5 s, which are shown in Figs. 13–15.

Focusing on Fig. 13 at first, SVC and FW-SVC-ft share the
same current shapes, as expected because no f current component is
needed yet. Furthermore, current evolutions are aligned with the
corresponding back-emfs in order to maximise PMBDCM torque
per unit current. The same goes also for FW-SVC-φτ, which,
however, is characterised by almost sinusoidal currents, leading to
some torque ripple. As the speed increases up to 1.5 pu, SVC
current shapes do not change significantly, but their magnitude
decreases in accordance with a lower PMBDCM torque demand, as
highlighted in Fig. 14. Whereas significant distortions occur on the
current profile achieved by FW-SVC-ft due to negative f current
injection; this also introduces some angular displacement between
current and back-emf waveforms. A similar angular displacement
also occurs by means of FW-SVC-φτ, whose current shapes,
however, are characterised by much less distortions than in the case
of FW-SVC-ft. Considering now the steady-state current evolutions
depicted in Fig. 15, it is worth pointing out that they refer to
different speed and power values in accordance with the inherent
limitations of each control algorithm. In particular, current shapes
achieved by SVC at ωm = 1.70 pu are somehow distorted, but still
aligned with the back-emfs. However, they are quite far from the
corresponding reference values (dashed lines depicted in Fig. 15)
because SVC current tracking capability is prevented significantly

Table 4 Key performance indexes
SVC FW-SVC-ft FW-SVC-φτ

CPSR 1.60 1.95 > 3.0
ω̂m 1.70 2.34 3.0
Pm @ ω̂m 0.32 0.61 1.00

 

Fig. 13  Back-emf (y-axis on the left) and current (y-axis on the right) evolutions achieved at the rated speed by SVC (on the left), FW-SVC-ft (in the middle)
and FW-SVC-φτ (on the right): phase u (red), phase v (blue) and phase w (green)

 

Fig. 14  Back-emf (y-axis on the left) and current (y-axis on the right) evolutions achieved at ωm = 1.5 pu by SVC (on the left), FW-SVC-ft (in the middle) and
FW-SVC-φτ (on the right): phase u (red), phase v (blue) and phase w (green)

 

Fig. 15  Back-emf (y-axis on the left) and current (y-axis on the right) evolutions achieved at maximum speed by SVC (on the left), FW-SVC-ft (in the middle)
and FW-SVC-φτ (on the right): phase u (red), phase v (blue) and phase w (green)
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by the very high voltage demand occurring with this kind of
control approach. Better results are achieved by FW-SVC-ft at ωm 
= 2.34 pu, namely current shapes are not so much distorted, but
they are further displaced with respect to the back-emf waveforms.
Furthermore, current magnitude is quite relevant due to the
achievement of the current limitation constraint, meaning that the
corresponding Joule losses are at the maximum allowable value.
The best performances in terms of current shapes are surely
achieved by FW-SVC-φτ, which is able to preserve current shapes
and magnitude almost unchanged, even at a very high rotor speed
(3.0 pu); while angular displacement between current and back-emf
waveforms slightly increases due to a further decrease of iφ. The
results achieved by FW-SVC-φτ confirm that almost sinusoidal
currents are advisable at high-speed operation, even for a
PMBDCM, as pointed out in [48].

6 Conclusion
Two FW-SVCs algorithms for PMBDCMs have been presented
and discussed extensively in this study. These FW-SVCs have been
designed with reference to two different synchronous reference
frames (ft and φτ) and enable complementary advantages and
drawbacks. In particular, FW-SVC-ft assures minimum torque
ripple and, thus, high reference torque tracking capability, but
suffers from limited CPSR and maximum speed. Both these
weaknesses are overcome by the FW-SVC-φτ proposed in this
study, which is able to achieve very high CPSR and maximum
speed at the cost of increased torque ripple, especially at low speed
operation. However, this disadvantage is more than compensated
by reduced voltage and current demands: the former results in
lower voltage required at the DC link (–20%), while the latter
results in improved energy efficiency at high speed operation.
Further improvements on FW-SVC-φτ may be introduced, such as
an appropriate prediction of the change of sectors in order to
mitigate torque ripple and a ‘hybridisation’ with FW-SVC-ft,
especially at low speed operation.
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