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Abstract

Under ideal trapezoidal back electromotive force (EMF) conditions, a brushless direct
current (BLDC) motor can produce constant instantaneous electromagnetic torque when
supplied with ideal three-phase square-wave currents. However, this operating mode may
result in relatively high copper loss. In practical applications, where both the back-EMF
and the current waveforms deviate from their ideal shapes, significant torque ripple is
introduced. To address these issues, this paper proposes a maximum torque per ampere
(MTPA) control strategy for BLDC motors based on zero-sequence current injection. An
improved Park (3s-3r) is employed to develop the mathematical model, in which the
synthesized non-zero-sequence components are mapped exclusively onto the g-axis. By
properly regulating the d-axis and 0-axis reference currents, the proposed strategy achieves
minimum copper loss operation. Based on this framework, a torque control system incor-
porating zero-sequence current injection is established to further enhance performance.
The feasibility and effectiveness of the proposed control strategy are validated through
digital signal processing (DSP)-based experimental results.

Keywords: BLDC motor; four-leg inverter; MTPA; copper loss minimization

1. Introduction
1.1. Research Background

BLDC motors (BLDCMs) with trapezoidal back-EMF are widely used in applications
requiring low cost, simple control, and high reliability, such as electric vehicles, household
appliances, and aerospace actuators [1]. Compared with sinusoidal permanent magnet
synchronous motors (PMSMs), BLDCMs are particularly suitable for systems employing
square-wave current control due to their simpler inverter implementation and lower
computational burden. However, in practical applications, non-ideal trapezoidal back-EMF
waveforms and distorted square-wave currents introduce significant torque ripple. When
operating in the conventional two-phase conduction mode, BLDCMs typically exhibit
severe commutation torque ripple, which may reach up to 50% of the average torque [2].
Therefore, the suppression of commutation torque ripple has long been a key research focus
in BLDC motor drive systems [3].
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1.2. Literature Review

To address the problem of large torque ripple in BLDCMs, recent studies have explored
various approaches, including novel circuit topologies and modified modulation methods.
In [4], a hybrid DC-DC converter is added at the front end of the inverter. This circuit boosts
the DC bus voltage during commutation, thereby accelerating the rising rate of the incoming
phase current, while also reducing the voltage requirement of the DC source. In [5], a
capacitor that is pre-charged by the boost device during the non-commutation interval is
connected in series with the DC voltage source during commutation, increasing the DC
bus voltage to four times the back-EMF and effectively suppressing commutation torque
ripple. However, all of these topology-based circuits introduce additional components,
which increases circuit size and cost. In [6], a pulse-width modulation model predictive
control (PWM-MPC) algorithm is proposed. By predicting the rates of change of the
incoming and outgoing phase currents, the algorithm adjusts the duty cycle to maintain
the non-commutating phase current. This method does not require any modification to
the inverter topology but increases the commutation time at high speeds. In [7], a voltage
compensation method based on pulse amplitude modulation is introduced to alleviate
torque reduction caused by diode freewheeling during commutation. Compared with the
two-phase conduction mode, a BLDC motor operating in three-phase conduction mode
does not exhibit commutation torque ripple [8]. Furthermore, when all three phases conduct
simultaneously, optimizing the three-phase currents can reduce torque ripple caused by
harmonics and decrease motor copper losses, thereby achieving minimum-copper-loss
operation [9].

For BLDCMs with trapezoidal back-EMEF, the two-phase conduction mode, as the
mainstream drive mode, is easy to implement and offers simplicity and reliability. However,
compared with the three-phase conduction mode, it results in higher copper losses when
delivering the same electromagnetic torque [10]. Excessive copper loss not only reduces the
efficiency and energy-saving performance of the BLDC motor but also increases the stator
temperature, decreases the heat dissipation capability of the rotor-side core, and raises the
risk of overheating and irreversible demagnetization of the permanent magnets. In [11], the
three-phase back-EMF is decomposed into the fundamental component as well as the 5th-
and 7th-order harmonics. After performing the corresponding coordinate transformations,
the d-axis and g-axis back-EMF expressions in each harmonic reference frame are obtained,
thereby establishing a mathematical model in multiple reference frames. This approach not
only involves a large number of parameters but also requires consideration of torque ripple
resulting from torque coupling among different harmonic components of the back-EMF and
phase currents. In [12], the conventional coordinate transformation matrix is improved. By
setting the d-axis and 0-axis currents to zero, the g-axis current, calculated from the reference
electromagnetic torque, is converted back through the inverse coordinate transformation
to obtain the three-phase reference currents. However, this method does not achieve
minimization of the required stator current. In [13,14], within the synchronous rotating
reference frame, real-time back-EMF coefficients on the d-axis and g-axis are utilized to
derive the corresponding reference currents for minimum-copper-loss operation using the
Lagrange multiplier method. However, these reference currents are time-varying, which
makes it difficult to achieve torque decoupling between the d-axis and g-axis. In addition,
PI control of time-varying currents may introduce steady-state errors. In [15], based on
real-time permanent-magnet flux linkage and back-EMF coefficients, the stator flux linkage
reference required for minimum-copper-loss control is calculated, and direct torque control
is implemented using both the flux linkage and torque references. However, considering
the relatively small proportion of armature-reaction flux linkage in the total stator flux
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linkage of BLDCMs, direct hysteresis control based on stator flux linkage is unlikely to
achieve satisfactory minimum-copper-loss performance.

1.3. Main Innovations and Contributions

This paper proposes an MTPA control strategy for BLDCMs based on zero-sequence
current injection. Compared with existing methods for reducing copper loss in BLD-
CMs, the proposed approach introduces an additional bridge leg to the conventional
three-leg inverter, thereby providing a path for zero-sequence current. This enables the
zero-sequence current to contribute to torque production, allowing the root mean square
(RMS) value of the three-phase currents to be minimized while maintaining the same
electromagnetic torque.

The main innovations and contributions of this study are summarized as follows.

(1) Unlike conventional BLDC motor MTPA strategies based on three-leg inverters, this
study explicitly exploits the zero-sequence back-EMF component of trapezoidal-back-EMF
BLDCMs. By introducing a fourth inverter leg connected to the motor neutral point, a
controllable zero-sequence current path is established, allowing the zero-sequence back-
EMF to participate in electromagnetic torque production.

(2) A minimum-copper-loss current allocation method is developed in the 4—0 refer-
ence frame. The torque contributions of both the non-zero-sequence and zero-sequence
components are considered, and a further M — T — p transformation is introduced to align
the synthesized back-EMF with the torque-producing axis. As a result, the optimal g-axis
and zero-sequence current references can be analytically obtained for MTPA operation.

(3) A practical four-leg-inverter-based BLDC motor drive system, including feedfor-
ward compensation and a dedicated modulation scheme, is constructed and experimentally
validated. Compared with the conventional three-leg strategy, the proposed method re-
duces the copper-loss-related current index by more than 6% under representative operating
conditions while maintaining stable dynamic response.

(4) To further evaluate practical applicability, a system-level efficiency and life-cycle
cost analysis is added, demonstrating that the energy-saving benefit can compensate
for the additional hardware cost of the fourth bridge leg in medium- and high-duty-
cycle applications.

2. Theoretical Justification and Proposed Strategy

This section presents the theoretical justification for the proposed control methodology.
First, the limitations of the conventional MTPA control system based on the standard
rotating coordinate transformation are analyzed to establish a baseline. Subsequently, the
theoretical framework of the novel MTPA control system, which incorporates zero-sequence
current injection, is introduced. By integrating a four-leg inverter topology with refined
coordinate transformations, mathematical derivations are provided to demonstrate how
minimum-copper-loss operation can be fundamentally achieved.

2.1. MTPA Control Based on the Conventional Rotating Coordinate Transformation

Under ideal trapezoidal back-EMF, a BLDC motor can produce constant instantaneous
electromagnetic torque when supplied with ideal square-wave currents in the two-phase
conduction mode; however, it cannot achieve minimum-copper-loss operation. To maintain
constant instantaneous torque while also realizing minimum-copper-loss operation, the
three-phase conduction mode should be adopted. For sinusoidal PMSMs, the decoupling
between electromagnetic torque and flux linkage in the dg synchronous rotating reference
frame, obtained via the standard rotating coordinate transformation, allows the delivery
of the required torque while achieving minimum-copper-loss operation. Similarly, for
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BLDCMs, the rotating coordinate transformation can be employed to simultaneously
achieve the required electromagnetic torque and minimum-copper-loss operation.

Figure 1 illustrates the schematic relationship between the three-phase stationary
reference frame and the two-axis synchronous rotating reference frame of the BLDC motor.

(&

<

Figure 1. Schematic diagram of the relationship between the three-phase stationary reference frame
and the two-axis synchronous rotating reference frame.

In Figure 1, the direction of the permanent magnet magnetic field is defined as the
d-axis, and 0 denotes the position angle of the permanent magnet magnetic field relative to
the phase-A winding at the current instant; this angle also corresponds to the rotor position
at that instant. The g-axis is defined as the direction leading the d-axis by 90 electrical
degrees in space. Both axes rotate counterclockwise at the synchronous speed, which
corresponds to the rotor speed w.

Based on the conventional coordinate transformation commonly employed in
permanent-magnet synchronous motor control, the back-EMF can be synthesized; that is,
the non-zero-sequence components of the phases A, B, and C back-EMFs are equivalently
combined. The conventional coordinate transformation matrix, with the rotor position
used as the rotation angle, is expressed as follows:

2| cos® sinf| |1 —1
C=4/= 2 1
3 l sin cos@] [0 \2[] @

|
N‘&Nh—l
»

To facilitate the computation of the inverse coordinate transformation matrix, this
paper employs a power-invariant transformation matrix. By transforming the back-EMFs
of phases A, B, and C into the d-axis and g-axis components, the corresponding d-axis and
g-axis back-EMFs are obtained:

5 cosf®  cos(0—3m) cos(0+3m) | [ea
[ed} = \/7 —sinf —sin(() — %7‘() — sin(9 + %7‘() -|eg (2)
e 31 1 L L
V2 V2 V2 ¢c

where ¢4, ep, ec denote the phase back-EMFs of phases A, B, and C, respectively, and ¢ , ¢,
denote the back-EMFs in the d-axis and g-axis, respectively.

Figure 2 shows the ideal back-EMF waveforms in the three-phase stationary reference
frame, as well as the corresponding waveforms in the two-axis synchronous rotating
reference frame obtained by substituting them into (2).

In Figure 2, E denotes the peak value of the ideal back-EMF in the three-phase sta-
tionary reference frame. As shown in Figure 2, after applying the conventional rotating
coordinate transformation, the d-axis and g-axis back-EMFs exhibit periodic fluctuations.
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Figure 2. Back electromotive force waveforms on the d-axis and g-axis under the conventional
coordinate transformation.

The instantaneous electromagnetic torque in the dq rotating reference frame can be
expressed as follows

1, . )
TE — a(e[jld + eqlq) (3)

where T, is the electromagnetic torque; e¢; and ¢, are the d-axis and g-axis back-EMFs,
respectively; i; and i, are the corresponding current components.

As shown in Figure 2 and (2), in the dg synchronous rotating reference frame obtained
through the conventional coordinate transformation, e; is a non-zero and time-varying
quantity. As a result, the d-axis current i; required for minimum-copper-loss operation is
not zero. Therefore, under the conventional coordinate transformation, both the d-axis and
g-axis currents contribute to torque production. In other words, torque decoupling between
the transformed axes cannot be achieved.

By applying back-EMF orientation, the synthesized back-EMF can be confined exclu-
sively to the g-axis. This enables precise torque control with the d-axis current set to zero,
thereby establishing the foundation for minimum-copper-loss operation. In this paper, a
non-zero-sequence back-EMF orientation method is proposed. By adjusting the rotation
angle in (1) from 6 to 6’, the modified transformation matrix in (4) is obtained. This adjust-
ment not only preserves the original properties of the conventional transformation but also
ensures that the d-axis back-EMF component is eliminated. Specifically, after transforming
the phases A, B, and C back-EMFs using the proposed matrix c’, enforcing a zero d-axis
back-EMF condition leads to the determination of 6’ in (4). In this way, non-zero-sequence
back-EMF orientation is effectively achieved.

2| cos® sing’|[1 -1 -1
C/ — = 2 2 4
3 [— sin 6’ cosﬂ’l [O § —@ @
where 0’ is defined as .

o — arctanef‘\;gf(w )

5 (ec —ep)

The g-axis component of the back-EMF is given by

2.0 2.0

eq = §(EA+33+€C_€AEB_eBeC_ECeA) (6)

As shown from (4), the proposed transformation enables non-zero-sequence back-
EMF orientation, in which the back-EMF is entirely concentrated on the g-axis while
the conventional structure of the rotating coordinate transformation matrix is preserved.
However, although the d-axis back-EMF component can be eliminated, the g-axis back-EMF
remains time-varying and cannot be maintained as a constant value. Therefore, it is still
impossible to achieve complete torque decoupling under this transformation.
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2.2. Proposed MTPA Control Based on Zero-Sequence Current Injection
2.2.1. Theory of the MTPA Control System with Zero-Sequence Current Injection

By improving the coordinate transformation and adopting the three-phase conduction
mode, lower copper loss than that of the conventional two-phase conduction mode can
be achieved using a three-leg inverter. However, this approach has inherent theoretical
limitations arising from both the back-EMF characteristics of the BLDC motor and the
structural constraints of the three-leg inverter. As shown in Figure 3, Fourier decomposition
reveals that the back-EMF of the BLDC motor consists of a fundamental component along
with multiple higher-order harmonics. Among these, significant zero-sequence harmonic
components, such as the third and ninth harmonics, are present.
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Figure 3. Fourier decomposition spectrum of the ideal back electromotive force waveform.

The zero-sequence component of the back-EMF in BLDCMs accounts for a significant
proportion. However, in a conventional three-leg inverter, the sum of the three-phase
stator currents is constrained to zero, which prevents the zero-sequence back-EMF from
contributing to torque production. To address this limitation, this paper introduces an
additional bridge leg to the conventional three-leg inverter and connects it to the neutral
point of the motor windings, as shown in Figure 4, This configuration provides a current
path for the zero-sequence component, enabling the zero-sequence current to interact with
the corresponding back-EMF and generate an additional torque component.

VT, VT, VTs VT,

JK} JK} JK} JK}W

VD, VD, VDs R L

>y

=
-

VT. VT. VTs VTs iy

JK} JK} JK} JK}

Figure 4. Equivalent circuit of the brushless DC motor under a four-leg inverter.

Considering the zero-sequence component of the back-EMF, the coordinate transfor-
mation matrix C; is employed to transform the three-phase back-EMFs of phases A, B, and
C into the corresponding components in the a-, -, and 0-axes reference frame.

1 -1 _1
2 2 2
ci=y2lo £ - 7)
1 1 1
2 2 2

After the transformation in (7), the synthesized non-zero-sequence back-EMF contains
components on both the a-axis and the p-axis. Following the method described in the
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previous section, the rotation angle of the coordinate transformation is adjusted from 6 to 0
such that the synthesized non-zero-sequence back-EMF is confined exclusively to the g-axis.
Subsequently, the back-EMF components in the a-3-0 reference frame are transformed
into the corresponding d-4-0 components using the coordinate transformation matrix Cs.
Figure 5 illustrates the back-EMFs of phases A, B, and C as well as the corresponding d-, g-,
and 0-axis back-EMF components.

cos® sind’ 0

[Co] = | —sin® cost 0 (8)
0 0 1
BachEHE Phase A Phase B Phase C
I aian ks S
FEAN
5 7/ <N
0 = \
\ N4
Bl —— e, Ve so* \ _
/q-axis
1.5E =
Ef e Rotor
-axis Position
0.5E  d-axis e rad)
0l—Z N\ . N\ i ; )
0.5EL -57/6 -T/2 -m/6.- 0 76 /2 Sn/6

Figure 5. Back electromotive forces of phases A, B, and C and the d-, g-, and 0-axis back
electromotive forces.

By applying the Clarke transformation in (7) and the Park transformation in (8), a
d-q-0 reference-frame model is established, which enables a unified representation of both
non-zero-sequence and zero-sequence components. The corresponding voltage differential
equations are given as follows:

] [R+PL -’ 0o 1[i] [o
Uo 0 0 R+Ph|li] |

At this stage, the instantaneous electromagnetic torque can be expressed as follows:

T, = 10 g (0)-dy + o(0)-d (10)
where k; and kj are the back-EMF coefficients on the g-axis and 0-axis, respectively. These
coefficients are defined as the ratios of the g-axis back-EMFs, ¢; and ey, to the rotor mechan-
ical angular velocity. Both k; and kg vary periodically with the rotor mechanical angular
velocity Q).

The optimization objective, namely the copper loss, is defined as follows:

Fiteg = i +ig +1 (11)

As indicated in (11), the goal is to determine i, 75, and ip, which minimize the objective
function Fyj,e under the constraint Ty = kqig + kofo.

By further combining this constraint with Equation (10), the optimal solution can be
obtained as follows:

. T.O)
F4leg_l§+<z )
q

+ é%- (—ZTeQeo + (eg + eé)io) (12)
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Since torque is jointly determined by e; and ¢y, achieving minimum-copper-loss
operation under a four-leg inverter requires the definition of a new coordinate axis on
which ¢; and ey can be synthesized into an overall back-EMF er. This allows the torque
equation to be simplified as T, = krir. To this end, the transformation matrix C3 is
introduced to construct a new M — T — p reference frame. By selecting an appropriate
transformation angle 6,, the synthesized back-EMEF is aligned entirely along the T-axis.
The corresponding coordinate transformation expression and matrix are provided in (13).
Figure 6 illustrates the back-EMF of phases A, B, and C, as well as the corresponding g-, 0-,
and T-axes components.

em eq 1 0 0
er | = [C3]|eq|,[C3] = |0 cosbr sind, (13)
ep € 0 —sinf, cosH,
i Phase B Phase C
5 = e s _\/ase
., % 0N
., Z 0l [N
0 g - .
. s \ S
i S, ) o N£Lo

T-axis

1.5E WM
El Rotor

05 q-axis 0-axis Position
' 0 L ./.\ L /\< . ‘/\{rad
/2 /6, /6 /2 5n/6

S/ T/

Figure 6. Back electromotive forces of phases A, B, and C and the g-, 0-, and T-axis back
electromotive forces.

Among these,

0, = arctanj;gz; (14)

At this stage, the back-EMF of the motor is fully synthesized along the T-axis. The
T-axis current it required to produce the desired output torque T, can then be determined.

O T

er  kr (15)

iT

where k1 denotes the back-EMF coefficient on the T-axis, defined as the ratio of the T-axis
back—EMEF e, which varies periodically with the rotor position, to the rotor mechanical
angular velocity Q).

In the proposed reference frame, to minimize the copper loss i3, + i% + ig while
delivering the required output torque T, = kriT, the currents along the M-axis and the
p-axis, which do not contribute to torque production, should be set to zero. Consequently,
the optimal current is given by i = T, /kr.

By combining (10), (13), and (15), the corresponding current expressions can
be obtained:

ks(8) = k1(0) cos 62, ko(8) = kr(0) sin 6, (16)

Furthermore, since C3 is a power-invariant transformation matrix, the required g-axis
current and the 0-axis currents for producing the desired torque T, can be determined by
applying the inverse of matrix Cs.

iy inm 1 0 0 im
ig| =[] |ir| = |0 cosfy —sinfy| | ir (17)
io ip 0 sinfy cosbBs ip
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Thus,
ig =0,i; = ircosth,ip = i sin 6, (18)

2.2.2. Construction of the MTPA Control System with Zero-Sequence Current Injection

Minimum-copper-loss operation is a key requirement for achieving high efficiency
in BLDCMs. Under the condition of delivering the same electromagnetic torque, the
introduction of zero-sequence current allows part of the torque to be produced by the zero-
sequence component, thereby reducing the torque burden on the non-zero-sequence current.
By optimally allocating the zero-sequence current and the non-zero-sequence current, it
becomes possible to further reduce the total stator copper loss, which is proportional to the
sum of the squares of the three-phase currents.

Based on (7), (8), (9), (15), and (18), a control system is constructed to realize minimum-
copper-loss operation of the BLDC motor under a four-leg inverter, as illustrated in Figure 7.

[ P —
l,d* -0 Cull;rlent Uy |ugi /
+ Controllerl _
- L]
d o'Liy
[}
'Liy
. * « |Frame
l Current | T+ uq Transfo| 4,
PI ‘mation — k (O
Controller| + & <K Ls+R iq q( )
lg €q [Modu- q p4
. Position fation ko(e) _‘L T
T | 1 i | 0 0 ot
pplils +
€ i
k(®) ;
) Current u * 7 1 ) :
U ! 4
Pl 5 51k, (O)
+ T (Controllerl -+ IL,s + R :
; e ;
lo Y Brushless DC Motor Model |

Figure 7. Control system for minimum-copper-loss operation based on zero-sequence current
injection under a four-leg inverter.

From (18), i and i; are non-constant values that vary periodically with rotor position
6. Conventional PI controllers inherently exhibit steady-state errors when tracking such
periodic signals, which results in torque ripple and increased copper losses. To address this
issue, in addition to the conventional PI cascade compensation for the g-axis and 0-axis
currents, a reference-torque feedforward compensation scheme is introduced for each axis.
This feedforward link computes and compensates the back-EMF and inductive voltage
drop in real time based on the motor model.

By combining the g-axis and 0-axis voltage differential equations in (9) with (16), the
corresponding control expressions can be derived as

g = FE(R+Lp)T, + Lp(F2)-T. + w'Lig + e

sin 0 sin 0, (1 9)
Uy = W(R—I—lop)Tg—FLp *r -Te + €9

From (19), the closed-loop torque control block diagram for the g-axis can be derived,
as shown in Figure 8. In this configuration, neglecting the delay of the main circuit is
ignored, and assuming that k7 in the controller is identical to the actual k7 of the motor,
steady-state-error-free negative-feedback control of the electromagnetic torque can be
achieved. Compared with the control system block diagram in Figure 7, the proposed
scheme only introduces a reference-torque feedforward compensation link, resulting in a
simple structure and easy implementation.
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Figure 8. Schematic diagram of g-axis component control for minimum-copper-loss operation based
on zero-sequence current injection under a four-leg inverter.

Similarly, the closed-loop torque control block diagram for the 0-axis can be derived,
as shown in Figure 9.

6 > e 7 7

v ) 2 VS A, sin(@) 85/
o 6O [ s

N sin(6,) 5959 kv 1 g
> Os k / ’//X gZn _ ,T '/
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“lr % . ey |pwM "/ /eo 7/ ,»/ /Q)
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i L e sin(6)€

sin(6, . / (il <
1

Taz e e

Figure 9. Schematic diagram of 0-axis component control for minimum-copper-loss operation based
on zero-sequence current injection under a four-leg inverter.

The torque calculation formulation of the proposed minimum-copper-loss control
strategy based on zero-sequence current injection under a four-leg inverter explicitly
incorporates the instantaneous back-EMF of the BLDC motor. The analysis indicates that
if the actual d-, g-, and 0-axis currents can accurately track their corresponding reference
currents in real time, torque-ripple-free operation can theoretically be achieved. The
stability of the proposed MTPA control strategy is guaranteed by the closed-loop current
control structure. The g-axis and 0-axis current loops are regulated using PI controllers
with appropriately tuned gains. The incorporation of feedforward compensation enhances
the dynamic response and reduces phase lag, thereby contributing to improved system
stability. Furthermore, the system operates within a bounded region defined by motor
parameters and inverter constraints. Experimental results verify that the proposed control
system maintains stable operation under both steady-state and transient conditions. The
stability is further confirmed through step-response experiments.

Figure 10 presents the block diagram of the BLDC motor minimum-copper-loss opera-
tion control system based on zero-sequence current injection under a four-leg inverter. As
shown in the figure, the system uses parameters related to the rotor position, including kg,
ko, cosby /kr, sinfy /kt, Lp(cosf/kt), and Lp(sinf,/kr), to calculate the g-axis and 0-axis
back electromotive forces ¢;, ep; the g-axis and 0-axis reference currents zq, iy; and the
feedforward compensation voltages u ¢, usy. These parameters can be computed offline
in advance and stored in a database for rapid retrieval during actual operation. In this
control system, the 3s/3r rotating coordinate transformation matrix adopts the C;C; matrix
obtained from (7) and (8), whereas the 3r/3s rotating coordinate transformation matrix is
the transpose of C,Cy.

Considering the addition of a fourth bridge arm, the modulation strategy becomes
more complex. Accordingly, a dedicated modulation strategy is designed in this paper, as
summarized in Tables 1 and 2. To reduce switching losses, the system is configured such
that, at any instant, only two switches among the three-phase bridge arms operate under
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pulse-width modulation (PWM). Table 1 redefines the sectors based on the directional
combinations of the three-phase currents during operation and identifies the rising and
falling phases. Table 2 further provides the corresponding switching states in each sector,
along with the duty-cycle calculation formulas for the rising-phase, falling-phase, and
neutral-line bridge-arm switches. In the tables, 1 and 0 denote the on-state and off-state
of the corresponding switch, respectively. D”._ ,, D

rise” ~drop
the rising-phase switch, the falling-phase switch, and the neutral-line bridge-arm switch,

,and Dj}; denote the duty cycles of

respectively. 1,4, denotes the DC bus voltage.

*| Two- y u
[Ua,| phase [Drise [ votge 13
# |Combined| ~* Switching
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Ug Digrop. | State ) ower Y
Dut >| Look-Up 3
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LI ol e N Circuit U
1 3i/3s
T, COS@Zl Rotating S
‘oordinate
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Figure 10. Block diagram of the brushless DC motor minimum-copper-loss operation control system
based on zero-sequence current injection under a four-leg inverter.

Table 1. Sector division and definitions of the rising and falling phases.

Sector S Sector Division Condition Definition of Rising and Falling Phases
I ia>0Nig<0Nic <0 AC, AB
I ig>0Nip>0Nic <0 BC, AC
III ia<0Nipg>0Nic <0 BA, BC
v ia<0Nipg>0Nic>0 CA, BA
Vv ia<0Nip<0Nic>0 CB,CA
VI ig>0Nip<0Nic>0 AB, CB

Table 2. Switch states in each sector and duty-cycle calculation for the rising-phase, falling-phase,
and neutral-line bridge-arm switches.

Sector S Switch States Rising/Falling Phases Duty Cycle of the Neutral-Line Bridge-Arm Switch
I 100D,,,0D;;;, DY,0 Di., = (uh —uk)/uge, Diyop = (w —up)/uae, Dy =1 — 'y /uge
II Djjy6,0D;5,0010D% Dy, = (upy —ul)/ug, Diyop = (uh —ug)/uge, Dy = 14 uf/uge
11 0D};,100Dy, ., DY,0 Dr., = (u}y —u¥) /uge, Diyop = (up —ul)/uge, DYy =1 —uj/uge
v 01Dj,,,0D;;, 00Dy Di., = (uf —u¥) /uge, Diiyop = (up —uhy) /e, D3y = 14 % /uge
\Y4 0D},,,0D;3,10D},0 Dr., = (uf —u})/uge, Djyop = (ug —uh) /uge, DYy =1 — uf/uge
VI D;;,001D7, ., 00D, Di., = (uh —u}) /uge, Diyop = (ug —u}y) /uge, Dy =1+ uj/uge

3. Simulation Results and Experimental Confirmation

To validate the theoretical analysis presented in Section 2, this section provides a

comprehensive evaluation of the proposed MTPA control strategy. First, the experimental
platform and system parameters are described. Then, comparative simulation results are
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presented to assess the effectiveness of the proposed method. Finally, experimental results
are provided to verify its superiority over the conventional control strategy without zero-
sequence current injection in terms of copper loss reduction and torque ripple suppression.

3.1. Motor Drive Control Simulation Model

A simulation model of the proposed four-leg inverter-fed BLDC drive system was
developed in MATLAB/Simulink to validate the effectiveness of the control strategy. The
model consists of a DC source, a four-leg inverter, a BLDC motor, and the associated control
system, as illustrated in Figure 11.

Reference | | Control Algorithms |
Generation | H

Power Stage

LegA Leg B Leg C LegN

DC+

PWM ! | | S| Su ||
(Modulation | |
Strategy)

El i ! ia
= i ! i — | Load |
| i I | g 4 g |
! " ey iS5 1 l (Gating Signatst N ¥ . ! < A\ , o }
H 1 d o (Sa~sa) i i
[ — N i Four-Leg . i ) X n
i PWM i Sa | Sp2 | Sez || Sz |
| o ! Generator |
T i o Position e

Minimization Sensor

[ Current | ias ivsics i
Sensor

Figure 11. Simulation block diagram.

The four-leg inverter comprises eight switching devices, with the additional leg con-
nected to the motor neutral point to enable zero-sequence current injection. A carrier-based
PWM scheme is employed, with a switching frequency of 20 kHz.

The BLDC motor is modeled in the phase domain, taking into account stator resistance,
inductance, and trapezoidal back-EMF. The electromagnetic torque is calculated based on
the interaction between phase currents and back-EMF, while the mechanical dynamics are
described by the standard motion equation.

The control system consists of the proposed MTPA strategy, current regulators, and
a PWM generator. The MTPA algorithm determines the optimal current distribution,
including zero-sequence current injection, to minimize copper losses while maintaining the
desired torque. PI controllers are employed for current tracking.

A fixed-step solver is adopted with a sampling period of 50 ps, consistent with the
control update rate. The sampling frequency is selected to be significantly higher than
the electrical frequency of the system to ensure accurate current tracking and adequate
dynamic performance.

All simulations were carried out on a personal computer equipped with an Intel Core
i7 processor and 16 GB RAM, using MATLAB/Simulink (R2021a).

3.2. Experimental Platform and System Parameters

The experimental platform of the control system is shown in Figure 12. It consists of a
three-phase, five pole-pair BLDC motor; a magnetic powder dynamometer; a DSP control
(TMS320F28335, Texas Instruments (TI), Dallas, TX, USA) with its peripheral circuits; a
photoelectric encoder; and a three-/four-leg inverter circuit. The platform is designed to
emulate practical operating conditions for evaluating the performance of the proposed
strategy. The control program is implemented on the DSP using code composer studio
(CCS), which handles signal acquisition (position and current) and generates the switching
control signals for the power devices. An oscilloscope (Tektronix DPO2024B, Tektronix,
Inc., Beaverton, OR, USA) is used to capture voltage and current waveforms, while a
dynamometer (DSP6001, Hangzhou Aihua Instruments Co., Ltd., Hangzhou, China) is
employed to apply and measure the load torque. Voltage and current are measured using
calibrated sensors with an accuracy of £0.8%, and the rotor speed is obtained from an
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encoder with a resolution of 2048 pulses per revolution. The main parameters of the control
system are summarized in Table 3.

Figure 12. Experimental platform of the control system.

Table 3. Control system parameters.

Parameter Value Parameter Value
Rated voltage 300V Phase resistance 3.05Q
Rated current 15A Phase self-inductance 0.0155 H
Rated power 400 W Mutual inductance between phases —0.0075 H
Rated torque 1.27 (N-m) Encoder resolution 2048 PPR
Rated speed 3000 rpm Control period 50 us

Number of pole pairs 5 Switching frequency 20 kHz

3.3. Simulation Results

The effectiveness of the proposed strategy is evaluated through comparative analysis
with the conventional three-leg inverter-based control method. The motor performance
under both strategies is assessed using data obtained from the MATLAB Scope module.
Under rated load conditions without zero-sequence current injection (three-leg inverter),
the average values of the squared three-phase currents are 3.805 A2 and 3.812 A? at speeds
of 1000 r/min and 2000 r/min, respectively. In contrast, under the proposed strategy with
zero-sequence current injection (four-leg inverter), the corresponding values are reduced
to 3.568 A2 and 3.574 A2. This represents a reduction of 6.23% and 6.24% at 1000 r/min
and 2000 r/min, respectively. These results clearly demonstrate that the proposed strategy
significantly lowers copper loss compared with the conventional method. As shown in
Figures 13-15.

To evaluate the dynamic performance of the proposed strategy, Figure 16 presents
the waveforms of the electromagnetic torque and three-phase currents at a motor speed
of 1000 r/min, where the reference torque steps from 0.3 N-m to the rated value and
returns to 0.3 N-m. When the torque command increases from light load to rated load, the
electromagnetic torque rapidly tracks the reference with only a slight overshoot. Similarly,
when the torque command decreases back to light load, the torque is quickly regulated
to the desired value. A comparable transient behavior is observed in the three-phase
currents. Following the step change, the current peaks exhibit a slight overshoot but return
to their steady-state values within one switching cycle. These results demonstrate that the
proposed control strategy achieves fast dynamic response and accurate torque tracking
under step-load conditions.

https://doi.org/10.3390 /machines14050536


https://doi.org/10.3390/machines14050536

Machines 2026, 14, 536

14 of 20

15
OF \\ == I == I 1 1.5 T— — T T T

Electromagnetic torque / (N-m) 1+ 4

0.5 deaxis aciual currentA 5 Electromagnetic Torque / (Nm)
? — : ! ~ : St Actual d-axis Current / Al
I T T T~ q-axis actual current/ A 0
19 [ i 2.0 [[Reference g-axis Current [ A~ o Actual g-axis Current / A
18 | | | [q-axis refefence cufrent / Al 1.95
*_ 0-axis reference current / A_0-axis actual current /A
0.5 ! I I T q 1.9
0+ | - 1
L | | |
Phase A current /A Phase B current /A ___Phase C current /A . 0
e A Voliage TV
ase A Voltage
300 F
200
100
0
0 4 T T
4 »[ ]
2 Sum of squares of three-phase currents / (A%) 0 | Slu m of Squarled Three—Phlase Currentsl/ *)
0 ; ‘ ‘ ’ ‘ 0 s 10 15 20 25 30
0 5 10 Ti"ljms 20 25 30 Timefms
() (b)

Figure 13. Comparison of simulation waveforms at rated load and a speed of 1000 r/min:
(a) waveforms under the proposed strategy; (b) waveforms under the three-leg strategy.
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Figure 14. Comparison of simulation waveforms at rated load and a speed of 2000 r/min:
(a) waveforms under the proposed strategy; (b) waveforms under the three-leg strategy.
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Figure 15. Comparison of simulation waveforms at half rated load and a speed of 1000 r/min:
(a) waveforms under the proposed strategy; (b) waveforms under the three-leg strategy.
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Figure 16. Simulation waveforms under the proposed strategy when the reference torque steps at a
motor speed of 1000 r/min.

3.4. Experimental Confirmation

The effectiveness of the proposed strategy is further validated through comparative
analysis with the conventional three-leg control method. Figure 17 presents the waveform
of the squared three-phase currents at rated load and 1000 r/min, where the left and right
subfigures correspond to the proposed strategy and the conventional method, respectively.
Due to the limitation of the DA output module, which can only output positive values,
a 1 A offset is added to the measured d-axis current, while a 2 A offset is applied to
both the reference and actual 0-axis currents. The results show that, although the peak
values of the squared three-phase currents are nearly identical under both strategies, the
proposed method achieves a lower valley value. According to oscilloscope measurements,
the average values are 3.57 A? for the proposed strategy and 3.80 A? for the conventional
method. This corresponds to a reduction of 6.05% in copper loss, demonstrating the
effectiveness of the proposed approach.
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Figure 17. Comparison of waveforms of the sum of squares of the three-phase currents at rated load
and a speed of 1000 r/min: (a) waveforms under the proposed strategy; (b) waveforms under the
three-leg strategy.

Figure 18 presents the waveform of the squared three-phase currents at rated load
and a speed of 2000 r/min, comparing the current characteristics of the proposed strategy
with those of the conventional control method. The results indicate that the average value
of the squared three-phase currents is reduced to 3.58 A% under the proposed strategy,
compared with 3.81 A? for the conventional method. This corresponds to a reduction
of 6.04% in copper loss. These results demonstrate that the proposed strategy remains
effective under high-speed, rated-load conditions, achieving reduced current magnitude
and improved efficiency.

Figure 19 presents the waveform of the squared three-phase currents at half rated
load and 1000 r/min. According to oscilloscope measurements, the average value of the
squared three-phase currents is 0.924 A2 under the proposed strategy, compared with
0.994 A2 for the conventional control method. This corresponds to a reduction of 7.04% in

https://doi.org/10.3390 /machines14050536


https://doi.org/10.3390/machines14050536

Machines 2026, 14, 536 16 of 20

copper loss. These results demonstrate that under half rated load and low-speed operation,
the proposed strategy still exhibits a significant advantage over the conventional control
strategy in reducing motor copper loss.
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Figure 18. Comparison of waveforms of the sum of squares of the three-phase currents at rated load
and a speed of 2000 r/min: (a) waveforms under the proposed strategy; (b) waveforms under the
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Figure 19. Comparison of waveforms of the sum of squares of the three-phase currents at half rated
load and a speed of 1000 r/min: (a) waveforms under the proposed strategy; (b) waveforms under
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the three-leg strategy.

Based on the experimental results under both rated-load and half-rated-load condi-
tions, it is confirmed that for the same torque and speed, the proposed strategy achieves
minimum-copper-loss operation. A comparison of the average squared three-phase cur-
rents indicates that copper loss is reduced by more than 6% compared with the conventional
control strategy. To further illustrate the effectiveness of the proposed method, the experi-
mental results under various operating conditions are summarized in Table 4. The g-axis
and O-axis currents accurately track their respective reference values, demonstrating the
effectiveness of the control scheme. These results not only validate the superiority of the
proposed strategy in reducing copper loss but also highlight its potential for improving
overall motor performance and control accuracy.

Table 4. Comparison of the experimental results of minimum-copper-loss operation between the
proposed strategy and the control strategy.

Torque 1.27 N-m Torque 1.27 N-m Torque 0.635 N-m
Speed 1000 r/min Speed 2000 r/min Speed 1000 r/min
Proposed strategy 3.57 A? 3.58 A? 0.924 A?
Control strategy 3.80 A2 3.81 A2 0.994 A?
Percentage reduction in copper loss 6.05% 6.04% 7.04%

Figure 20 presents the waveforms under the proposed strategy at a motor speed of
1000 r/min, where the reference torque steps from 0.635 N-m to the rated value and then
returns to 0.635 N-m after a short interval.
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Figure 20. Experimental waveforms under the proposed strategy when the reference torque steps at
a motor speed of 1000 r/min.

When the torque command changes abruptly, the electromagnetic torque rapidly
tracks the corresponding reference value with minimal delay. The stator current exhibits
only a brief transient distortion at the instant of the step change and quickly returns to its
steady-state waveform. These results demonstrate that the proposed strategy achieves fast
dynamic response and stable current behavior under transient conditions.

To provide a more quantitative and comprehensive presentation of the results, we
additionally plotted the dependence of copper loss on motor speed at rated torque and on
load torque at a fixed speed of 1000 r/min.

As shown in the Figures 21 and 22, the proposed strategy consistently reduces copper
loss by more than 6% compared with the conventional three-leg control under different
operating conditions, demonstrating its effectiveness in minimizing copper loss while
maintaining the desired torque.
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Figure 21. Dependence of copper loss on motor speed at rated load.
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Figure 22. Dependence of copper loss on load torque at 1000 r/min.
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3.5. System Efficiency and Life-Cycle Cost Analysis

Since the main purpose of the proposed strategy is reducing copper loss, the system-
level efficiency is further analyzed based on the measured current index and the motor
parameters. For the same speed and load torque, the output mechanical power remains
unchanged, and therefore the reduction in copper loss directly contributes to the improve-
ment of motor-side efficiency. Table 5 lists the estimated copper loss under representative
operating conditions. At 1.27 N-m and 1000 r/min, the copper loss decreases from 11.59 W
to 10.89 W. A similar reduction is observed at 2000 r/min. Under half-rated load, the copper
loss decreases from 3.03 W to 2.82 W. These results indicate that the proposed strategy
provides a consistent reduction in stator copper loss.

Table 5. Estimated copper loss and efficiency improvement under representative operating conditions.

Output Copper-Loss Copper-Loss

Torque  Speed/r/min Power/W Peuconv/W Peuprop/W Reduction/W Reduction/%
1.27 1000 133.0 11.59 10.89 0.70 6.05
1.27 2000 266.0 11.62 10.92 0.70 6.04
0.635 1000 66.5 3.03 2.82 0.21 7.04
It should be noted that the four-leg inverter introduces additional semiconductor and
gate-driver losses. However, the fourth leg mainly carries the zero-sequence current and
does not require an increase in the current rating of the three main phase legs. Therefore,
the additional inverter loss is limited. The net efficiency benefit depends on the balance
between the reduced motor copper loss and the additional inverter loss, which is further
evaluated in the life-cycle cost analysis.
As shown in the Table 6, a simplified life-cycle cost analysis was conducted to evaluate
the cost-effectiveness of the proposed four-leg MTPA control.
Table 6. Simplified life-cycle cost analysis of the proposed strategy.
Item Expression/Assumption Value Used in Analysis
Additional hardware Fourth inverter leg, gate driver, PCB overhead Application-dependent
Copper-loss reduction From experiments 0.21-0.70 W
Additional inverter loss Estimated /sensitivity 0.1-03W
Net saved power APy, — APy, 0-0.6 W for prototype
Annual operating time Hyear 1000-6000 h
Electricity price Ce 0.10-0.20 USD/kwh
Payback period Cadd/ Csave Depends on power and duty cycle

For the 400 W laboratory prototype used in this study, the absolute copper-loss re-
duction is approximately 0.2-0.7 W under the tested operating conditions. Therefore, the
direct electricity-cost saving is limited if the annual operating time is short. However, the
proposed method becomes more cost-effective in high-duty-cycle applications or when
scaled to higher-power BLDC drives, because the saved copper loss increases with the cur-
rent level. In addition, the reduced copper loss contributes to lower winding temperature
and improved thermal reliability, which may further reduce maintenance cost and extend
motor lifetime.
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4. Discussion

To minimize the copper loss of BLDCMs while maintaining the same electromagnetic
torque, this paper proposes an MTPA control strategy based on zero-sequence current
injection. The main conclusions are summarized as follows.

(1) Fourier analysis of the trapezoidal back-EMF reveals the presence of significant zero-
sequence components. To effectively utilize these components, a fourth bridge leg is added
to the conventional three-leg inverter, enabling zero-sequence current flow. Theoretical
analysis demonstrates that this approach can further reduce copper loss.

(2) The proposed minimum-copper-loss strategy under a four-leg inverter explicitly
considers the torque contributions of both harmonic back-EMF components and harmonic
currents. In addition, a feedforward compensation scheme is introduced after coordinate
transformation, which effectively mitigates torque ripple caused by the limited tracking
capability of PI controllers for time-varying reference signals.

(3) Both simulation and experimental results verify the effectiveness of the proposed
strategy. The results show that copper loss can be reduced by more than 6% under various
operating conditions, while maintaining fast dynamic response and accurate torque track-
ing performance. From an implementation perspective, although the additional bridge
leg slightly increases hardware complexity, it enhances controllability of the neutral-point
voltage, enabling more flexible current shaping and improved torque density. Furthermore,
modern power electronic devices and digital controllers ensure reliable operation of the
additional switching leg.

5. Conclusions

This paper proposes an MTPA control strategy for BLDC motor drives based on
zero-sequence current injection and a four-leg inverter topology to achieve minimum-
copper-loss operation.

The proposed method effectively utilizes the zero-sequence back-EMF component to
participate in torque production, thereby reducing the required non-zero-sequence current.
Both simulation and experimental results demonstrate that the average squared phase
current can be reduced by more than 6% under various operating conditions, indicating a
significant reduction in copper loss.

In addition, the proposed strategy exhibits excellent dynamic performance, achiev-
ing fast torque response and accurate current tracking under transient conditions. The
introduction of feedforward compensation further suppresses torque ripple caused by the
limited tracking capability of PI controllers for time-varying reference signals.

From an implementation perspective, although the four-leg inverter slightly increases
hardware complexity, it provides enhanced controllability of the neutral-point voltage,
enabling flexible current shaping and improved torque density. With the support of
modern power electronic devices and digital controllers, reliable real-time operation can be
readily achieved.

Furthermore, a system-level efficiency and simplified life-cycle cost analysis were
included. The results show that the proposed strategy reduces the stator copper loss
under representative operating conditions. Although the fourth inverter leg introduces
additional hardware cost and semiconductor loss, the proposed method can be cost-effective
in applications with long annual operating hours, high duty cycles, or higher power
ratings. The reduced copper loss also contributes to lower thermal stress and improved
motor reliability.

Opverall, the proposed method offers an effective and practical solution for improving
efficiency, reducing copper loss, and enhancing dynamic performance in BLDC motor drive
systems, demonstrating strong potential for real-world applications.
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