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ABSTRACT*

Visual Computing Systems (VCS) and Oak Ridge
National Laboratory (ORNL) are partnered in a research
effort to design and build a power inverter for use with an
automotive accessory permanent magnet (PM) motor
provided by VCS. The inverter is designed so it can fit
within the volume of the housing, which is integrated with
the motor. Moreover, a modular design for both the
inverter and motor is employed for easily expanding the
power capability to other applications. A simple back
electromotive force (EMF) based position detection
scheme is implemented with a digital signal processor
(DSP) to eliminate the need for position sensors. Issues
related to position detection errors are addressed and
correction methods are suggested and implemented in
DSP software. Finally, since the motor has very low
inductance because of its coreless stator structure, the
influences of the low inductance on the motor current
ripple are analyzed. This analysis is used to design a
fast current control loop for the inverter to cope with the
low inductance. Analytical and experimental results are
included to verify the proposed schemes.

INTRODUCTION

PM motors have higher efficiency due to the elimination
of magnetizing current and copper loss in the rotor. It is
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also easier to achieve high performance torque control
with PM motors, in particular brushless DC (BLDC)
motors. Owing to these advantages, PM motors have
already been widely used in a variety of applications in
industrial automation and consumer electric appliances
[1]. Recent advancements in PM materials have made
PM motors a great candidate for traction motors in
electrical vehicle applications.

VCS and ORNL are partnered in a research effort to
design and build a power inverter for use with an
automotive accessory PM motor provided by VCS. To
reduce the cost and space requirement of the drive
system, great attention is placed in the layout design of
the inverter so that it can fit within the volume of the
housing, which is integrated with the motor. Although the
motor has a rated shaft power of 8 kW with a maximum
speed of 4000 rpm, a modular design approach for both
the inverter and motor is employed for easily expanding
the power capability to other application needs.

There are mainly two ways to excite a PM motor. One is
to drive the motor in synchronous AC mode in which a
three-phase sinusoidal current is delivered to a motor
that has a sinusoidal back EMF. The other excitation
scheme, which has been proved particularly attractive
for high power drive systems and is thus the choice for
the accessory motor drive, is for BLDC motors. It
consists of a three-phase PM motor with a trapezoidal
back EMF excited by quasi-square current waveforms.
This excitation can be conveniently accomplished with a
three-phase full-bridge voltage source inverter. An
attractive feature of this approach is the resulting
simplicity of inverter phase sequencing. The flat top of
the trapezoidal back EMF waveform is well matched to
the quasi-square wave current waveform that can be
produced by a voltage source inverter, lending itself to a



low cost drive system (refer to Fig. 1). One disadvantage
of the trapezoidal back EMF waveform is the
requirement for accurate stator current commutation
control. The torque developed in a PM motor with a
trapezoidal back EMF is very sensitive to the relative
phase of the quasi-square wave currents imposed by the
inverter with respect to the back EMFs.  A small phase
error in commutation can produce significant pulsating
torques in such drives. Accurate phase information of
the back EMF is thus required to properly commutate the
stator currents with an inverter.

While the required phase information has conventionally
been provided by using position sensors, such as a shaft
mounted encoder or built-in hall sensors [2][3][4][5],
sensor-less control is desired to reduce cost and to
improve reliability. Furthermore, it is the only choice for
some applications where those sensors can not function
reliably [1][6][7]. Advantages of position sensor based
control include: 1) availability of position information
even at very low speed resulting in a wider speed control
range; and 2) better dynamic speed control
performance. The disadvantages are: 1) added
components and cost; and 2) lower reliability due to
more signal wiring.

A simple back EMF based position detection scheme is
implemented with a DSP to eliminate the need for
position sensors. The DSP also controls motor speed
and current. Issues related to position detection errors
are addressed and methods of error correction are
suggested and implemented in DSP software.
Advantages of the position sensor-less control are:
1) reduced cost by elimination of position sensors; and
2) improved reliability by using fewer components and
less signal wiring. The disadvantages are: 1) back EMF
signals that are difficult to detect at very low speeds
resulting in a narrow speed control range; and 2) lower
dynamic speed control performance due to the limited
resolution of speed detection. For applications such as
the automotive accessory motors where the motors are
not intended to run at very low speeds, the back EMF
based sensor-less control is able to meet the
performance requirements for speed regulation.

Due to their large effective air gaps, PM motors tend to
have low inductance. The use of a coreless stator in the
VCS motor has further reduced the inductance
(<100µH). While these types of very low inductance PM
motors have fast current control response and a linear
relationship between current and its developed torque,
they demand stringent current regulation for the inverter
to obtain acceptable current ripple. The problem
becomes even more serious with high-speed motors.
Such motors will be increasingly used due to their
compact size [7][8]. An analysis of the influence of the
low inductance on current ripple has been used to
design a fast current control loop thereby enabling the
inverter to cope with low inductance. Analytical and
experimental results are included to verify the proposed
schemes.

SENSOR-LESS CONTROL

BRUSHLESS DC MOTOR

Fig. 1 shows the excitation for a BLDC motor that
consists of a PM motor with a trapezoidal back EMF
excited by a three-phase current source. The source can
be provided by a current controlled voltage source
inverter. The PM motor is represented by an equivalent
circuit consisting of a stator resistance, inductance, and
back EMF connected in series for each of the three
phases with the mechanical moving portion omitted. The
figure also shows the desired stator currents that the
current source should provide and their relationship with
the back EMFs. The currents in each phase have a
rectangular wave-shape and must be in phase with the
back EMFs of the corresponding phase. In this way, the
flat top of the trapezoidal back EMF waveform is well
matched to the quasi-square wave current waveform
that can be produced by a voltage source inverter,
lending itself to a low cost drive system. Such currents
will develop a constant power and thus torque delivered
to the rotor. To be able to provide such currents, we
need to know the rotor position information related to the
angular phase of the back EMFs. The phase information
of the six points per electrical cycle marked by arrows in
the figure is sufficient to control a BLDC motor.
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Fig. 1 Excitation of Brushless DC motors.

POSITION DETECTION BASED ON INDIRECT
MEASUREMENT OF BACK EMF



Fig. 2 illustrates the principle of position detection based
on indirectly measuring the back EMFs. EU1, EV1 and EW1

are the fundamental components of the back EMFs, EU,
EV and EW, respectively. Comparing the relationship
between these waveforms reveals that the phase
positions needed for commutation control correspond to
the peak points of the fundamental waveforms. So all
one needs to do is to extract the fundamental
components and detect their peak points. A functional
block diagram of the suggested position detection is also
shown in the figure. Because the back EMFs can be
derived from the motor terminal voltages, motor terminal
voltages are measured through a voltage divider of a
resistor network and passed through a low-pass filter to
obtain the fundamental components of back EMFs.
Since zero-crossing detection is preferred to peak
detection, an integrator is inserted to convert the peak
points into zero-crossing points. The use of an integrator
produces a signal of fixed amplitude that is dependent
on the back EMF constant but independent of motor
speed. Motor speed information can also be obtained by
measuring the frequency of the detected signals.
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Fig. 2 Principle of position detection.

ERROR CORRECTION IN POSITION DETECTION

Since low-pass filters are employed to extract the
fundamental components of back EMF waveforms, they
will inevitably introduce phase shifts into the measured
fundamental components and in turn produce errors in
the detected position information. Further, the phase-
shift varies with the back EMF frequency, i.e. motor
speed. The graph shown in Fig. 3 plots phase errors
versus back EMF frequency for a typical filter design.
Obviously the phase shift is too big to be ignored at low
motor speed. To satisfactorily operate a motor at low
speed we have devised a software method to correct the
phase errors.
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Fig. 3 Phase errors v.s. frequency for a typical filter design.

One disadvantage of the trapezoidal back EMF
waveform is the need for accurate current commutation
control. The developed torque in a PM motor with a
trapezoidal back EMF is very sensitive to the relative
phase of the quasi-square wave currents delivered by
the inverter in response to the back EMF signals. A
small phase error in commutation can produce
significant pulsating torques in such drives. Fig. 4 gives
an example where the currents are leading the back
EMFs by 30 electrical degrees. For this condition the
power and thus the torque delivered to the rotor is no
longer constant but fluctuates to introduce a notch at
every commutation.
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Fig.4 Torque ripples due to current leading back EMF.

Fig. 5 shows a modified block diagram of position
detection where a phase error correction block is added.
The correction is determined by a look-up table since,
once the filter is designed, the resulting phase shift
information can be calculated. Another source of error is
the voltage drop across the stator impedance, which
also becomes significant at low speed. This error can be
eliminated by measuring the currents and the stator
impedance.





CURRENT RIPPLE ANALYSIS

The influences of the low inductance on the current
ripple can be analyzed based on an equivalent circuit for
a BLDC motor with trapezoidal back EMF driven by a
standard bridge inverter, as shown in Fig. 8. Notice that
phase commutation is not considered in the equivalent
circuit. Ignoring the state coil resistance, Rm, the peak
value of stator current ripple at steady state in the
continuous conduction mode can be determined by the
following equation.
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where
Lm is the phase leakage inductance, henries,
fSW is the switching frequency, Hz,
Vdc is the inverter DC link voltage, volts,
Kemfis the back EMF constant, volts/RPM, and
N is the motor speed, RPM.
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Fig. 8 An equivalent circuit for BLDC motor drive.

A plot of current ripple versus speed is given in Fig. 9 for
the accessory motor at fSW=20kHz, Vdc=320V. The motor
has a rated shaft power of 8 kW and a measured phase
inductance, Lm, of 65µH. As indicated in the graph, the
current ripple is quite high over the speed range of
1000 rpm to 3500 rpm even at a switching frequency of
20 kHz, which is about the limit for IGBTs. This shows
how challenging it is to regulate the current ripple for this
type of low inductance motor. It is also interesting to
notice that the maximum current ripple occurs at the
speed where the back EMF is equal to half the DC bus
voltage, which is around the middle of the operating
speed rage.
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Fig. 9 Current ripple v.s. motor speed.

SIMULATION AND EXPERIMENTAL RESULTS

Fig. 10 shows a comparison of typical motor currents
and the developed torque waveforms between a case
where the currents are leading the corresponding phase
back EMFs by 30 electrical degrees [Fig. 10(a)] and a
case where the currents are in phase with the back
EMFs [Fig. 10(b)]. These are generated by digital
computer simulations, where the inverter switches at
20 kHz and the fundamental frequency of current is set
for 250 Hz.

(a) Motor currents are leading the phase back EMFs by 30 degrees.
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Fig. 7 Sensor-less speed control block diagram.
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