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Influence of Neutral Line to the Optimal Drive Current of PMAC Motors
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The optimal drive current can reduce both the torque ripple and power loss in driving the permanent magnetic (PM) AC motor. This
paper presents an analytical model for calculating the optimal drive current of the PMAC motor with surface mount PM rotor. Both
the motors with and without the neutral line are analyzed. Theoretical analysis shows that, when the back-emf of the windings contains
triple order harmonics, the neutral line of the motor can let the optimal drive current be different from the one without the neutral line,
and it can also make the optimal drive current be more effective in the loss and torque ripple reduction. Two spindle motors are used in
the analysis to show the influences of the optimal model presented.

Index Terms—Brushless motors, losses, optimal control, permanent magnet (PM) motors, torque control.

I. INTRODUCTION

F ROM the point of view of quantity, a permanent magnetic
(PM) AC (PMAC) motor with surface mount PM rotor

(SM-PMAC motor) is more popular than other types of PMAC
motors. The spindle motor used in hard disk drive is the typ-
ical SM-PMAC motor, and the motor with nine slots and six
magnetic pole-pair is shown in Fig. 1. For this kind of motor, in
linear state, the winding inductance is independent of the rotor
position; therefore its and are the same [1]. A concern
is how to realize the optimal current in a SM-PMAC motor in
many applications.
For the three-phase PMAC motors, a Y-connection is nor-

mally used, where the armature windings contain a neutral ter-
minal. Whether the neutral terminal is linked to the drive system
with a neutral line, or not, it depends on the drive mode used in
the drive system. For some drive modes, the influence of the
neutral line can be neglected, the motor system can thus be sim-
plified to save the neutral line.
The optimal drive current is expected in the applications of

all kinds of PMAC motors [2]–[18]. Here, the optimal drive
current is defined as: the current which can generate the required
electromagnetic (EM) torque with minimum copper loss and
minimum torque ripple. It is clear, for the three-phase motor,
the following nonlinear constraint optimization equation can be
used for the definition and describing the ideal optimal drive
current:

(1)

where is the EM torque generated by the motor, and it is
the function of the current in the three phase windings, and

is the torque requested to drive the motor load.
The optimal drive current is expected, but what of the optimal

currents for the motors with and without the neutral line? If they
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Fig. 1. Spindle motor with nine slots and six magnetic pole-pairs.

are different, what are the differences in the current waveform
and what are their effects? Knowing the influence of the neutral
line to the optimal drive current is necessary as it is important to
realize a high performance PMAC motor system. In this paper,
the analysis will be concentrated at the SM-PMAC motor. In
the following analysis, SM-PMAC will be replaced by PMAC,
unless noted otherwise.

II. MODEL FOR BUILDING OPTIMAL DRIVE CURRENT OF
PMAC MOTOR WITHOUT NEUTRAL LINE

The EM energy stored in a synchronous motor can be de-
scribed as

(2)

where [I] is the current in the motor windings, and is the
inductance of the windings. For the three-phase synchronous
motor, its currents can be expressed as

(3)
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and the inductances can be expressed as

(4)

In (3), is the rotor field current which generates the ex-
citing magnetic field through rotor field winding, and it can be
considered as a constant in the PMAC motor. In (4), means
the self-inductance of the th winding, and means the mu-
tual-inductance between the th and th phase windings. The
subscript means the ones related with the rotor winding.
The EM torque of the PMAC motor can be derived from its

stored EM energy

(5)

The can be further expressed as

(6)

where

(7)

In the previous equations, is the alignment torque of
the PMACmotor which is linearly proportional to the stator cur-
rent , and it is generated by the reaction between the stator
field and rotor field. is the reluctance torque induced by
the reaction between the stator current and the field pro-
duced by the stator current. is cogging torque caused by
the reaction between the rotor field produced by and the rotor
equivalent current. For the PMAC motor in linear state, all the
items in are constant to the rotor position, except the ones
related with the field winding, i.e., can be rewritten as

(8)

Therefore, in (6), the reluctance torque is zero. For sim-
plifying the analysis, the influence of the cogging torque
in (6) is also neglected in the following analysis as they are nor-
mally very weak in the spindle motor. In this way, for a PMAC
motor, its EM torque can be expressed as

(9)

where is the motor speed, and , and are
the back-emf of the A, B and C phase windings. In the fol-
lowing analysis, only the steady motor state is considered, i.e.,
the motor speed, , is constant. Therefore, in the steady state,
constant torque control means also constant power control.
When the neutral line of the armature winding is not used,

the optimal current for the three-phase synchronous motor can
be described with the following optimization equation with two
constrained conditions:

(10)

or

(11)

In the previous equations, is the EM torque requested, and
is the EM power requested.

From the constrained conditions to the drive currents in (10),
it can be known that

(12)

The current model can thus be changed to

(13)

As the magnet ring on the rotor is magnetized symmetrically,
the back-emf of the windings are normally contains only the odd
harmonics, and the examples used as follows will show that the
high order harmonics decay rapidly with its order. Therefore,
in the following analysis, only the fundamental, third-order and
fifth-order harmonics in the back-emf will be considered in the
analysis, that is

(14)

where is the pole-pair of the motor.
Solving the first part of (13), the following equation can be

obtained:

(15)

Authorized licensed use limited to: University of Shanghai For Science and Technology. Downloaded on July 13,2020 at 12:11:10 UTC from IEEE Xplore.  Restrictions apply. 



BI et al.: INFLUENCE OF NEUTRAL LINE TO THE OPTIMAL DRIVE CURRENT OF PMAC MOTORS 2485

Using in (15) to solve the second part of (13), it can
generate

(16)

Using (12)–(16), it can be proven that for the three-phase
motor without neutral line, its optimal current set, , is sym-
metric in space, that is

(17)

From (17), it can be shown that for the three-phase PMAC
motor without neutral line, its optimal drive current is not related
with the third-order harmonic of the back-emf generated in the
motor windings.
Let us consider a special case where the back-emf of the

motor is sinusoidal, i.e.,

(18)

From (17), the optimal drive current becomes

(19)

That is, the drive current is also sinusoidal. The result is quite
meaningful as it confirms that if the high-order harmonics in
the motor back-emf can be neglected, the sinusoidal current is
reasonable to many PMAC motors.

III. MODEL FOR BUILDING OPTIMAL DRIVE CURRENT OF
PMAC MOTOR WITH NEUTRAL LINE

When the neutral line is used, the last constraint condition in
(10) disappears, therefore, the optimal drive current should be
derived through the following:

(20)

Consider the same back-emf described by (14), i.e., only
the fundamental, third-order and fifth-order harmonics in the
back-emf will be considered in the analysis. The first part of
(20) can thus be used to eliminate , that is

(21)

The second part of (20) can thus be used to generate the simulta-
neous equations in (22), shown at the bottom of the page, where

(23)

Solving (22), it can generate , the optimal drive current set
for the three-phase PMAC motor with neutral line, and the set
is symmetrical in space as:

(24)

Let us reconsider the special case where the back-emf of the
motor is sinusoidal. In this case, from (24), the optimal drive
current becomes

(25)

That is, the drive current is also sinusoidal in this case. There-
fore, if the back-emf is purely sinusoidal one, the neutral line is
not necessary to the optimal drive current. The result confirms
again that the sinusoidal current is reasonable to many PMAC
motors.

(22)
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Fig. 2. M1: Three-phase back-emf.

Fig. 3. M2: Three-phase back-emf.

IV. COMPARISON OF OPTIMAL DRIVE CURRENTS OF THE TWO
CONNECTIONS

It was mentioned that, for the three-phase motor without nat-
ural line, the third harmonic of the back-emf cannot affect the
optimal drive current of the motor; see (17). However, for the
motor with natural line, (24) shows that the third harmonic of the
back-emf can affect the optimal drive current. Anyway, these re-
sults show also that if the third order harmonic of the back-emf is
zero, the expressions of and are same; i.e., the natural
line has no meaning to the optimal drive current in the PMAC
motor system. The results shown in (19) and (25) also confirm
this phenomenon.
Comparing the expressions of in (17) and in (24),

it can be found that they are quite similar. Their only difference
is that contains the components related with the third order
harmonic of back-emf. It can be proven that if the back-emf
contains third order harmonic, is better than in re-
ducing the copper loss, and an example will be used to explain
this phenomenon.

V. ANALYSIS FOR TWO SPINDLE MOTORS

It was mentioned that the spindle motor is a typical
SM-PMAC motor. Two motors with this EM structure are
used in the research, and they are called as M1 and M2 here.
Figs. 2 and 3 shows the measured back-emfs of the motors.
Both the motors are analyzed at 4200 r/min.

Fig. 4. M1: Optimal drive current.

TABLE I

TABLE II

TABLE III

Tables I and II show the spectrum analysis results of the
back-emf waveforms generated by M1 and M2, respectively.
The tables show that, for the harmonic orders being higher
than 7, their amplitudes are quite small and therefore can be
neglected in the analysis. For M1, its third-order harmonic is
also very weak. Therefore, according to the analysis in the
Sections III and IV, the neutral line cannot affect its optimal
drive current, i.e., only the current obtained without neutral line
will be analyzed, and the simulated optimal current is shown in
Fig. 4.
Using the optimal drive current (see Fig. 4) to drive M1, its

simulated EM torque is shown both in Figs. 5 and 6. For compar-
ison, the EM torques generated by the constant-current BLDC
mode and “optimal sinusoidal current mode” are also shown in
Figs. 5 and 6, respectively. The “optimal sinusoidal drive mode”
can generate the sinusoidal drive current, and its phase angle is
controlled in the way that the copper loss is the lowest in all
the sinusoidal currents [18]. In using the different drive modes
to drive M1, the currents were controlled in the way that the
average torques generated by these drive modes are same. The
figures show that, using the optimal current, the torque ripple
can be eliminated. Though sinusoidal drive mode is better than
constant-current BLDC mode, it still contains torque ripple.
For investigating the effect in the loss reduction with the

optimal current, the copper losses of constant-current BLDC
mode, “optimal sinusoidal drive mode” and optimal drive mode
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Fig. 5. M1: Torque generated by optimal drive current and BLDC current in
constant-current mode.

Fig. 6. M1: Torque generated by optimal and sinusoidal current.

are calculated for M1, and the simulated results are shown in
Fig. 5. The EM torques generated by these drive modes are also
shown in Fig. 5. In the table, for making the results clearer, the
copper loss generated by the constant-BLDC mode is used as
reference, and the loss values shown in the table are the ones
comparing with the reference. From the table, sinusoidal is good
in reducing the copper loss of M1.
As the back-emf waveform of M1 is quite close to sinusoidal,

the copper loss of the optimal current is almost same as the one
induced by sinusoidal drive mode. Anyway, the optimal current
is derived by the condition that the torque ripple is zero, and the
results shown in Fig. 6 confirm its effectiveness in the torque
ripple reduction, which is better than sinusoidal current.
For M2, as its back-emf waveform contains third-order har-

monic. Its optimal drive currents are different in the states with
and without neutral line, and they are shown in Figs. 7 and 8,
respectively.
EM torque of M2 generated by the optimal current is shown

in Figs. 9 and 10. Both the torques generated by the optimal cur-
rents with and without neutral line are the same, and no torque
ripple is induced by these optimal currents. For comparison, the
EM torques generated by the constant-current BLDC mode is
also shown in Fig. 9, and it contains rich torque ripple. The
torque generated by “optimal sinusoidal current” is shown in

Fig. 7. M2: Optimal drive current without neutral line.

Fig. 8. M2: Optimal drive current with neutral line.

Fig. 9. M2: Torque generated by optimal drive current and BLDC current in
constant-current mode.

Fig. 10, and it is clear that the current can also induce torque
tipple in M2. It is same as the case in M1, in using the different
drive modes to drive M2, the currents are controlled in the way
that the average torques generated by these drive mode are the
same. It can still be found that sinusoidal drive mode is better
than constant-current BLDC mode in the torque ripple reduc-
tion, but it still contains torque ripple.
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Fig. 10. M2: Torque generated by optimal current and sinusoidal current.

TABLE IV

Table IV shows the copper losses of the optimal current mode
without and with natural line, sinusoidal current and constant-
current BLDC mode in the operation of M2. The EM torque
generated by these drive modes is shown in Fig. 9. In the table,
the copper loss generated by the constant-BLDC drive mode is
still used as reference. From the table, sinusoidal drive mode is
still good in reducing the copper loss, but is still weaker than
the optimal mode without neutral line. However, for M2, as its
back-emf contains quite strong third-order harmonics, the best
drive mode in the copper loss reduction is the optimal drive
mode with neutral line.

VI. CONCLUSION

In this paper, the models for developing the optimal drive cur-
rent of the three-phase motor with neutral and without neutral
line are presented. From the current expressions deduced, the
major difference between these two kinds of optimal drive cur-
rents is the influence of the third-order harmonics in the back-
emf. For the three-phase motor without neutral line, the third
harmonic of the back-emf cannot affect the current waveform.
The simulation results on the two motors show that if the third-
order harmonics of the motor is strong, the sinusoidal current
cannot eliminate the EM torque ripple. However, both the op-
timal drive current with and without neutral line can eliminate
the torque ripple efficiently. Besides, in torque ripple elimina-
tion, the optimal drive current with neutral line can even con-
sume less copper loss than the sinusoidal current. However, in
the examples used the difference in the copper losses of the op-
timal drive current with andwithout neutral lines are quite small.
Therefore, the neutral line can be saved in the cases where the
copper loss is not very concerned. The theoretical analysis re-
sults show that whether the neutral line is used or not, the op-

timal current can reduce the copper loss obviously and is better
than the ones generated by BLDC constant current drive mode.
Analysis shows that if the back-emf contains very weak har-
monics, the optimal drive current is just the sinusoidal current,
and the neutral line is not necessary in driving the motor.
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