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Abstract—Delta-connected stator windings are often used in
mass production of small Permanent Magnet Synchronous Ma-
chines (PMSMs). In comparison to star-connected stator wind-
ings, a delta-connected winding system offers advantages for
manufacturing and lowers production costs. A main disadvantage
of motors with such a winding system are additional losses caused
by the Zero-Sequence Current Component (ZSCC). In this paper
the ZSCC and its impact on the generated losses in a delta-
connected PMSM used as a traction motor for a pedal electric
cycle (Pedelec) is analysed. The calculated results are compared
to those of a star-connected PMSM with the same design. We will
show that the amplitude of the ZSCC depends on the operating
point of the machine. As a result, the copper losses in the delta-
connected machine are up to 5.8 % higher than the ones in the
star-connected machine. On the other hand, the iron losses are
1 % smaller in the delta-connected machine. The efficiency of the
delta-connected machine is still up to 4 % smaller.

Index Terms—delta connection, zero-sequence current compo-
nent, loss comparison, pedal electric cycle

I. INTRODUCTION

In the past years, the demand for small electrical motors
is continuously growing, as they are increasingly used within
mobile equipment, such as drones, quadcopters, electric scoot-
ers or pedal electric cycles (Pedelecs). Due to a high power
density and a high efficiency, Permanent Magnet Synchronous
Machines (PMSMs) are commonly used.

Even though their purpose of application is different, the
majority of these machines need to be manufactured at similar
conditions, as the production of high quantities demands low
manufacturing costs. Manufacturing costs can be kept low
through automated process steps, which is why concentrated
windings are often used. The costs can be further reduced,
by using a delta-connected winding system. For this winding
system no star-point connector is needed, which saves material
and reduces the number of process steps during manufacturing.
Therefore, delta-connected stator windings are well suited for
mass production with a high demand on automated manufac-
turing and low costs [1].

A main disadvantage of delta-connected PMSMs are addi-
tional losses caused by the Zero-Sequence Current Component
(ZSCC), which can result in a circular current as depicted
in Fig.1. A ZSCC is caused by imbalances between sin-
gle motor phases or parallel coils. Manufacturing tolerances,
which exemplarily result in a variance of magnetization of

Fig. 1. Delta-connected stator windings.

permanent magnets or in rotor eccentricities, are a main reason
for electromagnetic and mechanical imbalances [2]. Besides
manufacturing tolerances, iron saturation is another reason for
electromagnetic imbalances. Due to iron saturation circulating
currents of order n-m occur, where n is a natural number and
m the number of phases [3].

Detailed knowledge about the ZSCC is useful as it helps
to detect demagnetization faults during machine operation.
Therefore, the authors of [4] suggest comparing the amplitude
of the ZSCC under healthy and faulty conditions. In [5] a
delta- and a star-connected PMSM with the same design in
the use case as a wheel hub drive are compared. To evaluate
the additional copper losses in the delta-connected machine,
the ZSCC is investigated under no-load operation of the motor.
In [1] circulating currents in a delta-connected machine due
to manufacturing tolerances, iron saturation as well as asym-
metrical load conditions, are discussed. The authors conclude
that electrical and mechanical tolerances have a big impact on
circulating currents. However, the ZSCC is only investigated
for single operating points and saturation levels. The fact
that the ZSCC depends on the level of saturation is shown
in [6] for delta- and star-connected squirrel cage induction
machines. Measurements show that an increase of 14 % in the



magnetizing flux above the rated value leads to an increase of
108 % in the RMS value of the ZSCC.

Because of the aforementioned, this paper focuses on a
quantitative analysis of generated losses in the operating range
of a PMSM used as a traction motor for Pedelecs in depen-
dence of the ZSCC. For better comparability, we investigate
a delta-connected machine and a star-connected machine with
same design.

II. THEORY

In the stationary reference frame the voltage equation for
each motor phase of a three-phase machine is given by
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where v, describes the phase voltage, R, the phase resis-
tance, ¢, the phase current and 1), the flux linkage with
x € {1,2,3} [7]. Assuming the same electrical resistance for
each motor phase one gets R = R} = Ry = Rs.

Applying Park’s transformation to (1)—(3) leads to voltage
equations in the rotating reference frame (dqO-frame). In the
dq0-frame, the d-axis is aligned with the direction of the rotor
flux. The g-axis is phase shifted by 90 degrees electrical to the
d-axis. Consequently, in the dq0-frame the voltage equations
of a PMSM are given by
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where v, describes the voltage, R the phase resistance, 7, the
current, v, the flux linkage with z € {d,q,0} and w the
electrical angular velocity [3]. For a three-phase PMSM the
zero-sequence components are defined as

1
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where z1, o and x3 correspond to each motor phase with

x € {v,i,¢}.

If there is no neutral connection at the star point, (6) can
be simplified as followed for star-connected PMSMs

dyy
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as the sum of the phase currents i1, ¢ and i3 equals zero at
every point in time. Equation (8) shows that a time-varying
zero-sequence flux linkage component leads to a voltage dif-
ferent from zero at the star-point connector towards ground. If
parasitic capacities are small enough, a zero-sequence voltage
component does not lead to a ZSCC or to additional magnetic
fields. Therefore, the fundamental characteristic of a three-
phase machine can be expressed by (4) and (5).

For delta-connected PMSMs, (6) can be simplified to
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as the sum of the phase voltages vy, vo and wvs equals
zero at every point in time. A time-varying zero-sequence
flux linkage component causes a ZSCC. Mostly the zero-
sequence components are neglected, as they do not produce
any electromagnetic torque. For the calculation of losses, the
zero-sequence components have to be regarded, as the ZSCC
causes additional copper losses. Because of cross-coupling
effects in highly saturated machines, an influence of the ZSCC
on the flux linkages in d- and g-axis can be expected. Due to
Lenz’s law, the magnetic field caused by the ZSCC lowers the
zero-sequence flux linkage component and therefore also the
level of magnetic saturation in the machine.

III. MACHINE UNDER STUDY AND SIMULATION SETUP
A. Machine Under Study

Fig.2 shows half of the cross section of the analysed ma-
chine. Its stator has 18 slots with a double-layer concentrated
winding. The number of parallel paths per phase is two. The
magnet arrangement in the 14-pole spoke-type rotor results in
a flux-concentration and therefore leads to an increased air-gap
flux density compared to surface-mounted PMSMs [8]. The
rotor poles are shaped such that the torque ripple, cogging
torque and harmonics within the electromotive force (EMF)
are reduced [9]. Table I lists the main geometry and machine
parameters.

Fig. 2. Cross section of the PMSM with a spoke-type rotor.

TABLE I
MACHINE PARAMETERS

Parameters Values
outer diameter 78 mm
rotor diameter 47 mm

minimum airgap 0.5 mm

phase windings 84

phase resistance  113.9 mQ
rated current 17.3 A
rated torque 2.1 Nm
rated speed 3000 rpm




B. Simulation Setup

In order to compare the generated losses in the delta-
and the star-connected machine, efficiency and loss maps are
calculated. Therefore, the average flux linkages in d- and g-
axis in dependence of d- and g-axis currents are calculated
using Finite-Element-Analyses (FEA). Once the flux linkages
are known, the electromagnetic torque for each combination
of d- and g-axis currents is calculated by

3 . .
Tem = ip' (d)d *lq _wq'ld)a

where p denotes the number of pole pairs. For each operating
point, defined by rotor speed and motor torque, a combination
of d- and g-axis currents within the predefined limits of
maximum phase current and line-to-line voltage is determined.

For motor operation, the loss model used for calculating the
maps shown in Sec.IV is expressed by

Py, = Py — Poy — Pre — P,

(10)
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where Py, is the mechanical power at the motor shaft, P, is the
electrical power fed to the machine, P, are the copper losses
in the stator windings, Pr. are the iron losses calculated with
the Bertotti model [10] and Ff, are friction losses, which are
assumed to be the same for both machines. While operating
as a generator the loss model becomes

PCIZPsh*PCu*PFe*PFP (12)

Due to the magnet arrangement in the rotor, the magnet losses
are neglectable small, which is why they are not further
investigated. A more detailed description of the used method
for calculating efficiency and loss maps can be found in [11].

For the comparison of both machines, the nominal operating
point of the delta-connected motor serves as a reference. In
both models, the number of turns per phase is the same, which
results in the same value for the stator resistance. For the
star-connected machine this assumption leads to a line-to-line
voltage, which is by a factor of v/3 higher than the one for the
delta-connected machine. For both machines, the flux linkage
maps are calculated at the same phase currents. We choose
maximum torque per ampere (MTPA) as operational strategy
for both machines. In order to reach the same numerical
accuracy for both FEA-models, the meshing and the time
increment for each simulation step are the same. Consequently,
the difference of generated losses between both machines,
given in Sec.IV, only depends on the ZSCC.

IV. SIMULATION RESULTS
A. Zero-Sequence Components

In the nominal operating point, using MTPA as operational
strategy, the currents in the d- and the g-axis were calculated
as i¢ = —1.05A and iq = 14.1A. The amplitudes of
harmonics in the flux linkage in this operating point are given
in Table I for both machines in the stationary reference frame.
Due to iron saturation a third harmonic occurs [3]. In the
delta-connected machine, both the first and the third order
harmonic have a smaller amplitude. In the rotating reference

TABLE 11
AMPLITUDE OF HARMONICS IN THE FLUX LINKAGE FOR BOTH
MACHINES IN THE NOMINAL OPERATING POINT (STATIONARY
REFERENCE FRAME)

Flux Linkage (mVs)

Harmonic Order 18 3rd 5th 7th

Delta Connection | 15.66 | 0.06 | 0.19 | 0.02

Star Connection 1582 | 0.56 | 0.05 | 0.02
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Fig. 3. Zero-sequence flux linkage component in the delta- and the star-
connected machine at n = 3000rpm, i¢ = —1.05A and iq = 14.1A.
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Fig. 4. ZSCC in the delta- and the star-connected machine at n = 3000 rpm,
ig = —1.05A and iq = 14.1A.

frame, a third order harmonic results in a zero-sequence
component, which is for both machines depicted in Fig.3.
The comparison of both curves shows that the amplitude of
the zero-sequence flux linkage in the star-connected machine
is 0.56 mVs, whereas the amplitude only reaches 0.062 mVs
in the delta-connected machine. The reason for this fact is
the ZSCC. Fig.4 shows the ZSCC for both machines. In the
star-connected machine a ZSCC cannot occur, whereas it has
an amplitude of 3.6 A in the delta-connected machine. Due to
Lenz’s law, the ZSCC causes a magnetic field, which damps
its cause. As a result, the amplitude of the zero-sequence
flux linkage component is nearly ten times smaller in the
delta-connected machine. In both machines, the zero-sequence
components are dominated by the third order harmonic.
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Fig. 5. Amplitude of the third order harmonic in the ZSCC in the delta-
connected machine in dependence of d- and g-axis currents at n = 3000 rpm.
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Fig. 6. Amplitude of the third order harmonic in the ZSCC in dependence
of rotor speed (i¢ = 14.14A, iq = 0A).

As a result, in the following only the third order harmonic in
the ZSCC is regarded. Fig.5 shows the amplitude of the third
order harmonic in the ZSCC for the delta-connected machine
in dependence of the d- and g-axis currents at a rotor speed
of 3000 rpm. It is noticeable that the amplitude of the ZSCC
mainly depends on the d-axis current and reaches a maximum
of 8.5 A for nominal current in d-axis. In contrast to the d-axis
current, the g-axis current has a minor effect on the ZSCC.

Besides the dependence on the d- and g-axis currents, the
ZSCC is also dependent on the rotor speed. Fig.6 exposes
the ZSCC amplitude in dependence of the rotor speed at a
d-axis current of 14.14 A and zero g-axis current. The ampli-
tude of the ZSCC shows exponential behaviour and reaches a
maximum of 8.56 A at 3500 rpm.

B. Copper Losses

For different rotor speeds, maps as shown in Fig.5 were
calculated, such that the ohmic losses generated by the ZSCC
for each operating point can be calculated by

3 N
Peug = 5 - R+ 15, (13)
where 7o denotes the amplitude of the third order harmonic in

the ZSCC. Following, the total ohmic losses generated in the
delta-connected machine can be determined by

FPew = Peu + Pewo, (14)

where FPg,, are the copper losses generated by the first order
current harmonic.

Fig.7 depicts the additional copper losses caused by the
ZSCC. For rotor speeds below 500 rpm the additional losses
mainly increase with the rotor speed. Contrarily, for rotor
speeds above 1000rpm the additional losses mainly depend
on the stator current. This behaviour corresponds to the results
presented in Fig. 6. At the nominal operating point at a rotor
speed of 3000 rpm and a motor torque of 2.1 Nm the additional
copper losses reach a maximum of 1.97 W. Compared to the
ohmic losses generated by the first order current harmonic this
equals an increase of 5.8 %. In the field-weakening region the
losses generated by the ZSCC decrease, as the d-axis current
is negative.

Over the whole operating range, the ohmic losses in the
delta-connected machine reach a maximum of 36.14 W in the
nominal operating point as shown in Fig. 8. In contrast to the
delta-connected machine, the total copper losses in the star-
connected machine are smaller over the whole operating range
(see Fig.9). In addition, the copper losses do not depend on
the rotor speed. In the nominal operating point a maximum of
34.16 W is reached.

C. Iron Losses

As shown before, the amplitudes of the first and the third
order harmonic in the flux linkage are smaller in the delta-
connected machine. Consequently, the flux linkages in the d-
and the g-axis are also smaller in the delta-connected machine.
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Fig. 7. Additional copper losses in the delta-connected machine over the
operating range caused by ZSCC in W.
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Fig. 9. Total copper losses in the star-connected machine over the operating
range in W.

In Fig. 10 and Fig. 11, the flux linkages in the d- and the g-axis
over the angular rotor position are shown for both machines.
In the delta-connected machine the average flux linkage in
the d-axis is 15.37 mVs, whereas it is 15.52mVs in the star-
connected machine. In the g-axis, the average flux linkages
are 3mVs in the delta- and 3.06 mVs in the star-connected
machine. It is visible that the sixth order harmonic in the d-
and the g-axis flux linkage has a higher amplitude in the delta-
connected machine. This corresponds to the results given in
Table II, which show that the amplitude of the fifth order
harmonic in the stationary reference frame is bigger in the
delta-connected machine.

The iron losses directly depend on the flux densities inside
the machine. Therefore, the iron losses in the delta-connected
machine are, in most parts of the operating range, 1 % smaller
than the ones in the star-connected machine (see Fig. 12). As
depicted, the maximum difference of iron losses is 0.3 W. Only
in the field-weakening region, the iron losses in the delta-
connected machine are higher.

The total iron losses are shown in Fig. 13 for the delta-
connected machine. It can be seen, that they strongly depend
on the rotor speed. In the nominal operating point the total
iron losses reach a value of 24.37 W.
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Fig. 10. Flux linkage in d-axis at n = 3000rpm, g = —1.05A and
iq = 14.1A.
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Fig. 11. Flux linkage in g-axis at n = 3000rpm, ig = —1.05A and
iq = 14.1A.
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Fig. 12. Difference of iron losses between the delta- and the star-connected
machine over the operating range in W.

D. Efficiency
The efficiency 7 of the machines is calculated by
P, out
POl.lt + ‘Pll')SS ’

where P, is the output power. The additional copper losses
in the delta-connected machine exceed the decrease of iron
losses, which results in a lower efficiency (see Fig.14). For
rotor speeds below 1000rpm and a torque lower than 1 Nm,

n= (15)



N}

—

motor torque (Nm)
— o

1
[N

1000 2000
rotor speed (rpm)

Fig. 13. Calculated iron losses using the Bertotti model in the delta-connected
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the efficiency of the delta-connected machine is up to 4 %
smaller. The efficiency of the delta-connected machine in the
whole operating range is shown in Fig. 15. In the nominal
operating point it has an efficiency of 88.9 %, while the star-
connected machine has an efficiency of 89.5 %.

V. CONCLUSION AND FUTURE WORK

This paper compares the generated losses in a delta- and
a star-connected PMSM with the same design in dependence

of the ZSCC. It is shown that the amplitude of the ZSCC in
the delta-connected machine strongly depends on the operating
point of the machine. With higher saturation levels and rotor
speeds, the amplitude of the ZSCC increases. In the delta-
connected machine the amplitude of the ZSCC is 3.6 A in
the nominal operating point. The additional copper losses
generated in this operating point equal 5.8 % compared to
those generated by the first order current harmonic. In contrast
to the copper losses, the iron losses are, outside the field-
weakening region, smaller in the delta-connected machine.
However, since the maximum difference of iron losses equals
0.3 W, the overall efficiency of the delta-connected machine
is smaller. In the nominal operating point the efficiency of
the delta-connected machine is 0.6 % smaller, while it is up
to 4 % smaller in other operating points. Since manufacturing
tolerances were neglected in the simulations, an increase of the
ZSCC is assumed for a real machine. Consequently, during
design phases of a delta-connected PMSM the ZSCC has
to be analysed in the whole operating range. Based on the
presented results, star-connected stator windings in a PMSM
are advantageous, regarding the generated copper losses and
the efficiency of the machine.

For our future work, we aim to validate the simulation
results on a test bench and apply the gained knowledge on
the design and the control strategy of other types of PMSMs.
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