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In a delta connection, most of the battery voltage is applied directly to the motor’s phase terminals, resulting in a voltage that is
root three times higher than in a wye connection. This characteristic makes delta connections suitable for low-voltage, high-speed
systems. However, the presence of 3 n-th harmonic components in the phase back electromotive force (BEMF) of delta-connected
motors can induce circulating currents that flow exclusively within the circuit. These circulating currents lead to additional Joule
losses and degrade motor performance. This article analyzes the effect of circulating currents on motor efficiency according to
different speeds and torques. The presented study models maintain a similar magnitude of the fundamental component of BEMF
but differ in the magnitude of the third harmonic component. A six-step circuit was established to compare the currents, losses,
and efficiencies of the study models using finite element analysis (FEA). The copper losses were categorized into those caused by the
fundamental component of phase current and those caused by the circulating currents. Subsequently, the efficiencies of the study
models were compared across different speed and torque ranges, accounting for the separated copper loss components and iron
losses. The results show that the improved model achieves an efficiency that is more than 18% higher than that of the basic model
in the low-speed and low-torque areas. Finally, the study models were manufactured and evaluated through testing.

Index Terms— Brushless dc motor, circulating current, copper loss, delta winding, efficiency, harmonic phase current, six-step
circuit, surface mounted permanent magnet synchronous motor.

I. INTRODUCTION

THE brushless direct current motor (BLDC) enhances
reliability and durability by eliminating the brushes and

commutators typically found in conventional direct current
motors. This design results in high efficiency and power
density, making BLDC motors widely applicable across
various industries due to their straightforward driving methods.

The BLDC motors can be classified into two types based on
their stator winding configurations: wye and delta connections.
In a delta connection, each coil’s end is continuously
connected to the start of another coil, as illustrated in Fig. 1.
In this configuration, most of the battery voltage except for the
voltage drop caused by the controller’s switching elements is
applied directly to the motor’s phase terminals. Consequently,
the voltage in a delta connection is root three times higher
than that in a wye connection. This characteristic makes delta
connections particularly suitable for applications like drones
and power tools that require high-speed operation at low
voltages.

However, delta connections can lead to circulating currents
when the phase back electromotive force (BEMF) contains
3 n-th harmonic components, where n is an odd integer such
as 1, 3, and 5 [1]. These circulating currents contribute to
additional Joule losses, distort torque, and negatively affect
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Fig. 1. Delta connected six-step circuit.

vibration and noise levels. They may also result in magnetic
saturation of the core and irreversible demagnetization of the
permanent magnets [2]. Importantly, these currents cannot be
directly measured at the motor’s three lead wires.

Recent research has actively explored the phenomenon of
circulating currents. For example, in [3], circulating currents
were defined as functions of electrical parameters such as
BEMF, resistance, and inductance using voltage equations in
the abc frame. Study [4] analyzed how design factors including
slot opening width, height, yoke thickness, and pole angle
of surface-mounted permanent magnet synchronous motors
(SPMSM) affect circulating currents through FEA. However,
there is a scarcity of studies that separate losses by speed
and torque while quantitatively comparing motor efficiency.
Moreover, few studies have measured and compared motor
efficiency while considering circulating currents in prototypes
with identical BEMF conditions. This article investigates
the effect of circulating currents on motor efficiency across
varying speeds and torques. Copper losses are categorized into
those caused by the fundamental component of phase current
and those resulting from circulating currents. Ultimately,
this study compares efficiency based on different speed and
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Fig. 2. Circulating current caused by the third harmonic component of phase
BEMF. (a) Waveform of third harmonic component and (b) delta connection.

torque ranges, accounting for separated copper losses and iron
losses.

II. ANALYTICAL EXPRESSION

Under balanced conditions, the vector sum of the three-
phase sinusoidal voltages in a PMSM is zero. However,
in a series-connected delta connection, if the harmonics
components are included in the phase voltage, the in-phase
3 n-th harmonics voltage components add up to each other
as shown in Fig. 2(a). Hence, these harmonics voltage
components generate the circulating currents dependent on the
resistance and inductance of the motor as shown in Fig. 2(b).

The circulating current can be expressed as follows [3]:

icc =

∑
ν=3k

k=1,3,5,...

νωsλPM,ν√
(νωs(La + 2Mab))

2
+ R2

s

sin(νθ − θν) (1)

where the amplitude of the circulating current is

Icc =
νωsλPM,ν√

(νωs(La + 2Mab))
2
+ R2

s

(2)

where θ is the rotor electrical position, θν is the angle between
λPM,1 and λPM,ν . Also, ωs is the rotor’s electrical speed and
λPM,ν is the νth harmonics components of PM phase flux
linkage. La and Mab are the self and mutual inductances of
phase respectively and Rs is the winding resistance.

The amplitude of the circulating current is limited by
the electrical parameters including the stator resistance,
inductances, and 3 n-th harmonics components of PM flux
linkage. Also, as the speed increases, the reactance in (2)
becomes much larger than the winding resistance. Therefore,
the amplitude of the circulating current converges to a specific
value.

III. PERFORMANCE COMPARISON USING FEA

This chapter presents the basic and improved models
with different phase BEMF waveforms. As illustrated in
Fig. 3(a), the basic model features square-shaped permanent
magnets, whereas the improved model, shown in Fig. 3(b),
has rounded magnet surfaces. According to (2), circulating
currents are generated by the 3 n-th harmonic components
of the phase BEMF. To reduce these harmonic components,
the improved model modifies the angle and edge thickness of
the permanent magnets, as depicted in Fig. 3(c). The center

TABLE I
SPECIFICATION OF STUDY MODELS

Fig. 3. Study models. (a) Basic model. (b) Improved model. (c) Design
factor of permanent magnet.

Fig. 4. Phase BEMF. (a) Waveform. (b) Harmonic analysis.

thickness of the permanent magnets remains the same as in
the basic model, ensuring that the mechanical air-gap length
is consistent across both models. As a result, as shown in
Fig. 4(a), the phase BEMF waveform of the improved model
is closer to a sine wave compared to that of the basic model.
Additionally, Fig. 4(b) illustrates that the basic model exhibits
a high magnitude of the third harmonic component, while the
improved model has almost none. Importantly, the magnitudes
of the fundamental component of the phase BEMF are nearly
identical in both models. The specifications of these models
are summarized in Table I.

A. Circulating Current at No-Load Condition

As shown in Fig. 2(b), the circulating currents of the
two models were analyzed using a delta connection circuit
in an open-circuit configuration. At 4000 r/min, Fig. 5(a)
demonstrates that the circulating current in the basic model
is significantly higher than that in the improved model.
Additionally, Fig. 5(b) indicates that the analytical results
for the circulating current amplitude derived from (2) closely
match the FEA results, with an error of less than 5%. The
self and mutual inductances were estimated based on FEA by
applying an arbitrary current to one phase and utilizing the flux
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Fig. 5. Circulating current. (a) Waveform at 4000 r/min. (b) Amplitude of
circulating current according to speed.

Fig. 6. Harmonic phase current. (a) RMS of harmonic phase current due to
load. (b) Amplitude of fundamental and circulating current components.

linkage. As the speed increases, both the analytical and FEA
results for the amplitude of the circulating current converge to
a specific value.

B. Harmonic Phase Current

The study model was configured with a six-step circuit,
as shown in Fig. 1, to analyze the harmonic phase currents
at 24 V based on the load. The phase current was applied in
phase with the motor’s phase BEMF.

As illustrated in Fig. 6(a), the rms of the harmonic phase
current in the improved model tends to increase proportionally
with torque. In contrast, the basic model exhibits a certain
magnitude of harmonic phase current in the low torque
region due to circulating current. Fig. 6(b) separates the
harmonic phase current into fundamental and circulating
current components. At 0.4 Nm, the circulating current in
the basic model is four times higher than the fundamental
component. Also, as torque increases, the circulating current
tends to increase slightly as well. This is due to the saturation
of the core’s flux density, which generates 3 n-th harmonic
components in the phase voltage as the current rises with
the increasing torque. However, at 4.0 Nm, the fundamental
component, which increases with torque, is significantly higher
than the circulating current. Consequently, the fundamental
component and circulating current exhibit different tendencies
depending on the torque.

C. Losses and Efficiency

As shown in Fig. 7, the copper losses were separated into
losses caused by the fundamental phase current and losses
caused by the circulating current. The mechanical losses were
ignored. The eddy current losses in the permanent magnet

Fig. 7. Loss distribution at dc voltages of 4 and 24 V. (a) 0.4 Nm. (b) 4.0 Nm.

Fig. 8. Efficiency map. (a) Basic model. (b) Improved model. (c) Efficiency
difference between improved model and basic model.

were very small compared to other losses, so they were
omitted from Fig. 7. However, these eddy current losses in
the permanent magnet were considered in the efficiency map
in Fig. 8.

First, as illustrated in Fig. 7(a), for the basic model at 4 V,
the copper loss due to circulating current is the largest,
accounting for about 70% of the total losses. In contrast,
at the higher speed of 24 V, the proportion of copper loss due
to circulating current decreases to about 25% as iron losses
increase.

Next, in Fig. 7(b), the copper loss associated with the
fundamental current is the highest, making up approximately
85% at 4 V and about 58% at 24 V. Consequently, the copper
loss due to circulating current falls to around 13% at 4 V and
12% at 24 V, significantly lower than the proportion seen in
Fig. 7(a). These results suggest that the efficiency reduction
caused by the circulating current is most pronounced in the
low-torque, low-speed range, while its impact is minimal in
the high-torque, high-speed range.

Finally, based on the losses derived from the FEA results,
the efficiency of the study models was compared, as shown
in Fig. 8. In Fig. 8(c), the efficiency difference between the
study models gradually increases as the low-torque and low-
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Fig. 9. Dynamo load system and BEMF testing of prototype. (a) Rotor core and PM of the prototype. (b) Test setup. (c) Waveform and harmonic analysis.

Fig. 10. Harmonic phase current waveforms and harmonic analysis from
TEST and FEA. (a) Torque 0.4 Nm. (b) Torque 2.8 Nm.

speed area is approached. At 0.5 Nm and 640 r/min, the
efficiency difference is substantial, around 18%. For even
lower torque and speed areas, this difference will be greater.
Conversely, in the high-speed, high-torque area, the efficiency
difference between the study models is minimal. At 4.0 Nm
and 3550 r/min, the difference is only about 1.0%. In the low-
speed, high-torque areas and the high-speed, low-torque areas,
the efficiency difference ranges from 3.0% to 5.0%, which is
not insignificant.

IV. EXPERIMENTAL RESULT

As shown in Fig. 9(a), the cores and permanent magnets
of the study models were manufactured. To prevent the
permanent magnets from detaching from the rotor core due to
centrifugal force at high speeds, protrusions were added to the
surface of the rotor core. In Fig. 9(b), each phase terminal was
connected outside the housing to measure the phase current
of the motor. The test equipment was utilized to measure the
speed, torque, current, and voltage of the motor. As indicated
in Fig. 9(c), the FEA results and the test results for the phase
BEMF waveform are in good agreement. The FEA model
of the prototype includes the protrusions on the rotor core
surface.

Next, the harmonic phase current waveforms of the
prototype were measured at 0.4 and 2.8 Nm. The controller
used a six-step driver, applying square wave current in

Fig. 11. Efficiency, speed, and losses from TEST and FEA. (a) DC
voltage 24 V. (b) DC voltage 4 V.

phase with the motor’s phase back EMF. As shown in
Fig. 10(a), the current waveforms of the study models exhibit
significant differences. The harmonic analysis reveals that,
in the case of the basic model, the third harmonic component
of the phase current is approximately three times larger
than the fundamental component. The difference in the third
harmonic component between the basic and improved models
is attributed to the effects of circulating currents. However,
at 2.8 Nm, as shown in Fig. 10(b), the phase current waveforms
of the study models become similar. The harmonic analysis
indicates that the fundamental component of the phase current
is about twice as large as the third harmonic component,
meaning the distortion of the phase current waveform due to
circulating currents is relatively less in the high-torque area
compared to the low-torque area.

Finally, the efficiency, speed, and losses of the prototypes
were compared at applied voltages of 24 and 4 V. As shown
in Fig. 11(a), at 24 V, the study models demonstrated similar
efficiency trends, with an efficiency difference of about 3% at
0.4 Nm. The proportion of copper losses due to circulating
currents is only 17% because other losses are relatively high
at this torque. At 4 V, as shown in Fig. 11(b), the efficiency
difference between the study models is significant in the
low-torque area, reaching about 18% at 0.4 Nm. Here, the
proportion of copper losses due to circulating currents is quite
high, approximately 63%. In the high-torque range, however,
the copper losses attributed to the fundamental component of
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the phase current are high, resulting in a lower proportion of
copper losses due to circulating currents.

V. CONCLUSION

This article analyzes the effect of circulating currents on
the efficiency of delta-connected BLDC motors at various
speeds and torques. The circulating currents tend to maintain a
certain magnitude unless the speed is very low. When the core
flux density becomes saturated, the magnitude of circulating
currents can be influenced by changes in the third harmonic
component of the phase voltage. In low-speed, low-torque
areas where other loss components are low, the circulating
currents have a critical negative effect on motor efficiency.
For the studied models, the efficiency difference was as much
as 18%. In contrast, in high-speed and high-torque areas, the
efficiency difference was less than 1.5%, showing minimal
effect.
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