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A New Approach for Pulsating Torque
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Torque ripple control of brushless DC motor has long been the main issue of the servo drive
systems in which the speed fluctuation, vibration and acoustic noise need to be minimized. The
vast majority of the methods for suppressing the torque ripple require the Fourier series analysis
and either the iterative or least mean square minimization. In this paper, a novel approach based
on the d-q-O reference frame that achieves ripple-free torque control with maximum efficiency
is presented. The proposed method optimizes the reference phase current waveforms including
even the case of 3-phase unbalanced condition, and the motor winding currents are controlled
to track the optimized current waveforms by the delta modulation technique. As a result, the
proposed approach provides a simple and yet effectine means for obtaining the optimal motor
excitation currents. The validity and applicability of the proposed control scheme are verified
through simulations and experimental investigations.
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1. Introduction

Brushless permanent magnet motors (BLPMs),
in which the most popular back EMF waveform
is trapezoidal, are increasingly being used in high
performance applications due to their simple
control. In many of these applications, the pro­
duction of ripple-free torque in the motor is of
primary concern. There are three main sources of
torque production in BLPMs; cogging torque,
reluctance torque, and mutual torque. The cog­
ging torque is created by the stator slots interact­
ing with the rotor magnetic field and is indepen-
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dent of the stator current excitation. The reluc­
tance torque is caused by the variation in the
phase inductance with respect to the position. The
mutual torque is created by a mutual coupling
between the stator winding current and rotor
magnetic field. Therefore, if the waveforms of the
phase back EMF and phase current are perfectly
matched to produce the required load torque and
eliminate the first two torque components, the
torque ripple can be minimized.

A great deal of study has been devoted to
identifying the sources illucidating their charac­
teristics, and devising the means for minimizing
the torque ripple. In particular, the interaction
between the back EMF and the current excitation
has been described and analyzed by a number of
authors (Le-Huy, etd., 1986; Hung and Ding,
1992; Hanselman, 1994). LeHuy, Perret and
Feuillit (1986) determing that the torque ripple
can be minimized by appropriately selecting the
current harmonics to eliminate both the excitation
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proposed control scheme.

2. Proposed Approach

The BLDC motor configurationFig. 1
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Fig. 2 PWM inverter and equivalent circuit of
BLPM

Figure I shows the configuration of the BLPM
under test. To analyze and develop the proposed
torque control scheme, the following simple
assumptions are made in this paper.

I) The three phase stator windings are Y-con­
nected.

2) The mutual torque produced by the motor
is linearly proportional to the phase current.

3) The mutual inductance between phases is
negligible.

4) DC source voltage is infinite and is capable
of delivering infinite di/ dt.

Given the above assumptions, the equivalent
circuit of BLPM with the PWM inverter is
modeled as in Fig. 2, where N', N are the neutral
points of the inverter and motor, respectively.

Figure 3 shows the measured phase back EMF
waveforms of the BLPM under test. As shown in
the figure, three back EMFs are slightly different
in magnitude and shape from one another, and
the corresponding phase currents should also be

and cogging torque ripple components. Hung and
Ding(1992) used the complex exponential decom­
position to find a closed form solution for the
current harmonics that eliminate the torque ripple
and maximize the efficiency simultaneously. Han­
selman (1994) extended these prior works to the
case of a finite supply voltage and resulting finite
di/dt capability. All these works have made
several limiting assumptions that all three phases
have an identical back EMF waveforms offset by
2/37Z"[radJ electrical angle with respect to one
another and that the back EMF and motor excita­
tion current exhibit half-wave symmetry, among
others. Among them, Hung and Ding(1992) and
Hanselman(1994) and be easily extended to the
more general case where the above assumptions
need not be made. In practice, due to several
reasons such as manufacturing imperfections,
deterioration of permanent magnets or unbal­
anced stator windings, etc, making these assump­
tions can lead to an undesirable error. In addi­
tion, if the motor has four or more poles, the
phase back EMF waveform from one cycle to the
next may be different because of the unbalanced
magnetization of the magnets and/or manufactur­
ing errors.

This paper deals with the new torque control
scheme based on the d-q-O reference frame for
BLPMS at low speeds with maximum efficiency,
including the cases when the 3 phase stator
windings are unbalanced and the phase back
EMF waveform from one cycle to the next is
different. The phase back EMF waveforms in the
natural a-b-c reference frame are transformed to
the d-q-O reference frame. Only the quadrature
component that contributes to the production of
the mutual torque, is accounted for by equating
the electrical power absorbed by the motor to the
mechanical power that includes the reluctance
and cogging torque components. Consequently,
the optimum phase current waveforms can be
obtained by inversely transforming the d-q-O

variables to a-b-c variables. The motor winding
currents are forced to track the optimal current
waveforms by the delta modulation technique.
Simulation and experimental results are presented
to illustrate the validity and appliability of the
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Fig. 3 The measured phase back EMF waveforms

features.
1) An alternative simple method is presented.
2) Phase commutation needs not be consid­

ered.
3) Assumptions such as the shape, magnitude

and half-wave symmetry of each phase back
EMF need not be made.

The optimum current waveforms for each phase
by the proposed method can be obtained as fol­
lows. Firstly, the phase back EMF waveforms in
the natural a-b-c reference frame are transfor­
med to the d-q-O reference frame.

(3)

(1)

(2)

sin(8e-Bo) sin(8.-Bo-2;) sin(8e-Bo+ 2;)

c== ~ cos(8e-80) cos( 8e-80- 2;) cos(8e-80+ 2;)
I I I
T T T

where ee= Wet, We is the electrical angular fre­
quency and eo is the angular displacement
between the stator and rotor flux linkage and C is
the transformation matrix of 3 phase to the
synchronously rotating d-q-O reference frame. In
the d-q-O reference frame, the mutual torque is
derived by equating the electrical power absorbed
by the motor to the mechanical power produced
as follows.

We 3 .
rCp'=2eqzq

From the above equation, iq component can be
obtained as follows.

where rc is a ripple-free torque required by the
load, and P is the number of pole pairs and We/

P is the motor mechanical speed. Considering
that the magnetic field of the BLPM is provided
by the permanent magnet in the rotor and also
that the sum of the phase current must be zero at
any instant, the current components id as well as
io associated with the field and zero sequence flux
generation must be zero. Therefore Eq. (3) can be
rewritten as

different. In addition, if the motor has four or
more poles, the back EMF waveforms from one
cycle to the next may be different because of the
dimensional and magnetization unbalance of the
magnets and/or manufacturing errors. Therefore,
the back EMF waveform of one cycle of the
mechanical angle, which is equal to two cycles of
the electrical angle for four pole motor, should be
incorporated to control the instantaneous torque.

Therefore, for maximum efficiency a new tor­
que ripple minimization approach based on the
d-q-O reference frame is presented in this paper.
In general, the stator windings of the BLPM are
concentrated and the air-gap flux density by the
rotor magnet can be considered to be a square
wave. Consequently, it can be argued that since
the stator to rotor mutual inductance does not
vary sinusoidally, the synchronously rotating d-q

reference frame analysis is no longer valid except
only when the harmonic components of field
distribution and inductance variation are consid­
ered. However, d-q-O reference frame approach
adopted in this paper will be used only to obtain
the optimum current waveform for the ripple-free
torque based on the minimum input power, and
not for modeling and simulation of the motor
itself. It can be considered as an another har­
monic current injection method that is yet differ­
ent from the previous works involving the Four­
ier analysis. Hence, the proposed method can be a
proper choice. In addition, the zero sequence
variables must be taken into account because of
the unbalances among the phase windings and the
discrepancy between the cycles of the phase back
EMF. The proposed approach has the following
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Fig. 4 The phase current and corresponding torque
profiles that produce ripple free torque for
phase c back EMF

by Eq. (4) and id and io must be zero as shown
in Fig. 5 (b). The instantaneously optimized
phase currents that are obtained from Eq. (5) are

shown in Fig. 5 (c). The phase currents are slight­
ly different in shape and magnitude and do not
exhibit half-wave symmetry. But it is guaranteed

that the sum of the currents is zero at any instant
and the commutation problem between the phases
can be eliminated. The corresponding phase and

total torque profiles are presented in Fig. 5 (4). In
this case, the phase torque profiles are also differ­
ent from each other as expected from the current
and back EMF waveforms, but the total torque

exhibits no pulsation as shown in the figure.
These results show that the proposed control
scheme for the torque ripple elimination can be
quite effective.

Similary, the optimum phase current consider­

ing the cogging torque can be obtained by simply

adding the cogging torque component to the

(5)

. 2 We I
Zq=Trcpe;

Each optimum phase current waveform can be

derived by transforming the d-q-O variables to

the a-b-c variables inversely.

3. Numerical Results

It should be emphasized that in order to mini­
mize losses and maximize the torque per ampere,

each phase current must be excited in phase with
the corresponding phase back EMF, i. e., 80=0
must be substituted in C matrix in Eq. (5). This

will be discussed in the next section.

The phase back EMF waveform is measured by
the constant speed test for a 400 W, 4 pole, Y
-connected, 100 V BLPM. Each back EMF
waveform is normalized by the peak value of the

phase a having the highest value among the
phases. The optimization procedure correspond­
ing to Eqs, (I) - (5) is performed to generate the
current profiles which produce the desired torque
with minimum pulsation. For simplicity, the cog­

ging torque is not incorporated in this case. There
are numerous current profiles that produce torque
without any pulsation below the base speed. This
is illustrated in Fig. 4 (a) for phase c when the

current leads back EMF by the angles of 71"/12,
71"/6, 71"/4 (dotted lines) and lags by the same
angles (thin solid lines). Figure 4(b) also shows
the calculated torque profiles corresponding to
each current profile. The current profile denoted
by the thick solid line is in phase with the back

EMF and is optimum, because it exhibits the
highest value of torque per ampere and does not

produce negative torque at any instant as shown

in Fig. 4(b).
Figure 5 shows the simulation results of the

proposed approach using the measured back
EMF waveforms without considering the cogging

torque. Figure 5 (a) shows the back EMF compo­
nents of the d-q-O reference frame obtained from

Eq. (I). The torque current iq is obtained from eq
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Fig. 6 Simulation results of the proposed control
scheme of BLPM with considering the cog­

ging torque

required load torque component in Eq. (4). The
measured cogging torque component [cog around
the airgap is shown in Fig. 6 (a) (solid line). To
eliminate the ripple torque caused by the cogging
torque, an additional mutual torque [m-cog are
required as shown in the same figure (dotted

4,

cogging torque

2.

Electrical angle, [rad.]

(d) Total and phase torque waveforms

Simulation results of the proposed control

scheme of BLPM without considering the
Fig. 5
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line). To produce the load torque and compen­
sate for the cogging torque, the optimized phase
current waveforms can be obtained by performing
the same procedure as shown in Fig. 6 (b). As a
result, the resultant torque Z"total is produced as
shown in Fig. 6(c), which also shows the

waveforms of the phase torque "Ca, ts, Z"c and the
resultant mutual torque Tmumat-

4. Experimental Results

To ensure the validity of the proposed method,
it is required to measure the actual torque. Ide­
ally, the torque can be calculated by differentiat­
ing the mechanical speed, but the direct differenti­
ation enlarges the noise component. Therefore,
the torque observer as shown in Fig. 7 is used to
monitor the real torque.

x=Ax+Bu+L(y-Cx), y=Cx
where

A=[Btl 1~ll B=[~l C=[l OJ

A [WmJ 0 - L [/IJx= f
e

' u= , Y=Wm, = 1
2

L : observer gain matrix,
B : viscous damping constant,
1 : moment of inertia,
Wm : estimated speed,
f e : estimated torque

The mechanical torque equation is given as
follows

dw
1m dt +BmW=Z"e+Z"L

where W : mechanical angular speed of rotor
1m : Moment of inertia
B« : Damping coefficient

Uri)

Fig. 7 Block diagram of the observer

Z"e : Electromagnetic torque
Z"L : Load torque

Comparing the characteristic equation of the
state observer model with the roots of the
observer error, the parameters of the matrix L can
be obtained.

Because a fast and accurate measurement of the
mechanical speed is critical for estimating the
instantaneous torque, a high precision encoder of
40,000 pulses per revolution is attached to the
motor shaft. MIT method is used for the measure­
ment of the speed. The sampling time interval is
about 200 /-IS and measurement error for the
worst case is less than 0.3 r/min, This error
corresponds to 0.06 Nm or 0.025 p. u. of torque
error. The estimated speed and torque are only for
monitoring, and the real position and speed feed­
back for the controller are given by the encoder of
500 pulses per revolution which represents a
rather low precision.

The proposed method with the torque observer
is implemented using the high performance digital
signal processor (DSP) TMS320C40. The sam­
pling time of the torque controller is 100 /-IS, and
the switching frequency is 5 kHz.

A speed control scheme of the proposed
approach is shown in Fig. 8. The back EMF data
corresponding to the rotor position are measured
and set up in the look-up table. The optimized
reference current waveforms are obtained from
the look-up table using the position and speed
information from the shaft encoder PEL The
motor currents are compared and forced to track
the reference currents within the predetermined
bandwidth by the delta modulation technique.
The peripheral devices with high speed switching
are selected to utilize the DSP effectively, the

'.'
7* Currenl I,' -

LooL.1Ip
Table I,'

DSP Controller

Fig. 8 Blockdiagram of the speed control schemeof
the proposed approach
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Fig. 9 The experimental results of the proposed
control scheme of BLPM when the motor
speed is 1,800 rpm, the load torque is 1 Nm

controller and its interfaces are insulated against

the electric shock and noise. The I/O controllers
are implemented by using an erasable program­
mable logic device. The measured motor current,

speed and rotor position are measured and trans­
ferred to the DSP controller from the insulated

sensors via a 12 bit A/D converter (MAX 120
eNG) at every sampling period.

The experimental results are shown to validate

the proposed method. Experiments are performed
at the speed of 1,800 rpm and the load torque of

.1 and 2 N. m. Figures 9 (a) and (b) show the

current: 7.5 [A/div.]

torque: 1 [Nm/div.]

(b) When the cogging torque is not considered

Fig. 10 The experimental results of the proposed
control scheme of BLPM when the motor
speed is 1800 rpm, the load torque is 2 Nm

developed torque measured at the observer termi­

nals together with the reference and motor current
waveforms for when the cogging torque is consid­
ered and not considered, respectively. It is clear

from the figures that the both motor currents are
tracking the reference currents satisfactorily and
they can deliver the load torque of 1 Nm. The
torque ripple caused by the high frequency swit­

ching is included in both cases. In particular, the
effect of the cogging torque on the torque ripple is

clearly visible.
Figures 10(a) and (b) show the experimental
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results when the load torque is increased to 2 Nm
with the speed unchanged. It is also clear from the
figures that both torque waveforms have the same
tendency as in the former case and due to the
increased load torque the ratio of the cogging
torque to the load torque is relatively small.

These instantaneous torque profiles are calcu­
lated using measured phase currents and

back EMFs, mechanical speed and rotor posi­
tion in the DSP. They are also measured from the
DSP terminals. The obtained torque profiles are
not a true shaft torque, because the torque compo­
nents caused by the noise, mechanical damping
and so on are not included. However, the effects
of these torque components can be neglected. The
torque profiles are in good agreement with those
of Fig. 6 (c) and only the ripple component due to
the current deviation from the reference value is
added to the average torque. However, its magni­
tude is also insignificant compared with the total
torque and can be reduced by setting the current
bandwidth to be confined to a small value.

5. Conclusions

In this paper, a novel optimal current excitation
scheme of the BLPM for producing loss-minim­
ized ripple-free torque based on the d-q-O refer­
ence frame is presented. The optimized phase
current waveforms that are obtained by the
proposed method can aerve as reference values
and the motor winding currents are forced to
track it by the delta modulation technique. The
proposed control scheme for the torque ripple
elimination is shown to be simple and yet effec­
tive. The validity of the proposed control scheme
is demonstrated by the simulation and experimen­
tal results.
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Appendix

Parameters of BLPM
Rated output power Po 400 W
Rated voltage V 100 V
Rated current I 5 A
Resistance per phase R 2.5 Q

Inductance L 13.8mH
Rated speed N; 1500r/min
Rated torque T 2 Nm
Moment of inertia J O.0006Kgm2




